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MESSAGE  FROM  THE  PRESIDENT/DIRECTOR 


Again,  it  is  my  pleasure  on  behalf  of  the  International  Wire  and  Cable  Symposium  (IWCS) 
Committee  and  CECOM,  Fort  Monmouth,  New  Jersey  to  welcome  each  one  to  the  symposium, 
which  should  be  an  exciting  and  informative  experience  for  all  attendees.  This  year’s 
symposium  continues  its  traditional  international  reputation  of  excellence  as  demonstrated  by 
the  large  number  of  speakers  from  fourteen  different  countries.  The  response  to  the 
committee’s  call-for-papers  was  outstanding,  especially  from  our  international  supporters  and 
attendees. 

It  is  most  gratifying  each  year  to  see  and  witness  the  enthusiasm  and  interest  displayed  by 
symposium  attendees.  It  is  the  committee’s  aim  and  objective  to  continue  this  interest  by 
presenting  new  features  and  the  latest  concepts  in  wire/cable  development  and  usage.  This 
year’s  program  attempts  to  fulfill  these  objectives  by  offering  a  Suppliers  Forum  for  the  first 
time,  in  addition  to  the  highly  controversial  and  interesting  concept  of  using  wire  technology  in 
Vehicular  Highway  Systems.  The  popular  poster  session  and  six  educational  short  courses  that 
were  so  successful  last  year,  will  again  be  available. 

The  IWCS  Committee  continues  to  explore  new  ideas  for  improving  the  technical  level  of  the 
symposium  in  order  to  increase  the  interest  of  its  attendees.  Many  attendees  have  expressed  a 
strong  interest  for  information  on  new  materials  suitable  for  copper  wire/cable  developments 
and  special  applications.  Therefore,  in  responding  lo  the  1992  Call-for-Papers,  all  authors  are 
urgently  requested  to  submit  abstracts  related  to  these  areas.  The  technical  program  is  at  all 
times  a  reflection  of  the  responses  received  from  the  call-for-paper  announcement. 

Committee  members  Dr.  Ken-ichi  Aihara  of  NTT  America,  Inc.  and  Mr.  Hans  A.  Mayer  of  the 
Olex  Cable  Division  of  Pacific  Dunlop  Ltd.  are  retiring  from  the  committee.  Each  committee 
member  contributed  significantly  to  the  success  of  the  symposium.  On  behalf  of  the  IWCS 
Committee,  I  extend  to  each  a  very  special  thanks  for  their  dedication,  cooperation  and  support 
of  the  symposium  objectives. 

The  ultimate  credit  for  the  continued  success  of  the  symposium  belongs  to  a  long  list  of 
dedicated  and  hard  working  committee  members.  In  recognition  of  their  service  and  on  the 
occasion  of  the  Fortieth  Anniversary  of  the  symposium,  I  am  happy  to  salute  them  and  inscribe 
their  names  on  the  accompanying  honor  roll. 

The  1992  symposium  will  be  in  Reno,  Nevada  at  the  Bally’s  Reno  Hotel.  In  1993,  the 
symposium  will  return  to  the  Adam’s  Mark  Hotel  in  St.  Louis,  Missouri. 


R  F.  GODWIN 
^resident/Director ,  IWCS 
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Chairperson:  Mr.  Manuel  R.  Santana.  AT&T  Bell  Lab¬ 
oratories.  Norcross.  GA 
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Mobile  Optical  Cable  Assembly  on  Transportable 
Rack— H.  W.  Bruckner.  G.  Franken.  D.  S.  Parmar. 
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Flat  Conductor  Cable  Systems  tor  Transmission  of 
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Long-Term  Reliability  of  900  pm  Buffered  Fibers— J. 

J.  Farro.  R.  A.  Frantz.  J.  P.  Kilmer.  C.  J.  Wieczorek. 

H.  H.  Yuce.  Bellcore.  Morristown.  NJ .  693 
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Xanthi.  Greece .  733 
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Installation  of  Cables  in  Ducts— W.  Griff  ioen.  G.  J. 

Prins.  PTT  Research.  AK  Leidschendam.  The 

Netherlands .  758 

Environmental  Challenges  Facing  the  Installation  of 
the  Second  Perth  to  Adelaide  Optical  Fibre  Cable 
Route— G.  Consigfio.  J,  Groom.  £.  Johansen.  L. 

Kiss.  P.  Latoszynski.  Telecom  Australia.  Melbourne. 

Victoria.  Australia .  766 

Optical  Fiber  Cable  Transfer  Splicing  Machine— Y. 
Tamaki.  H.  Katayose.  H.  Yokosuka.  Fujikura  Ltd  . 

Sakura-shi.  Chiba.  Japan .  773 

A  New  Series  of  Cable  Accessories  for  Optical  Fiber 
Subscriber  Loop  Networks  and  Premises  Wiring 
Systems— R  Biazzi.  S.  Crico.  SIRTI  SpA.  Milano. 

Italy .  779 


Cable  Transfer  and  Supervisory  System  for  Trunk 
Optical  Fiber  Cables— H.  Matsumoto.  K.  Sato.  T. 
Uenoya.  NTT  Network  Systems  Development 
Center.  Tokyo.  Japan;  and  Y.  Yokoo.  NTT 
Telecommunications  Software  Headquarters. 

Kanagawa.  Japan . .  787 

A  Real-Time  Configuration  Management  System  for 
Line  Facilities  in  Optical  Fiber  Networks— K 
Yamashita.  F.  Ohtsuki.  M.  Tateda.  Y.  Koyamada. 

NTT  Telecommunication  Field  Systems  R&D 
Center.  Tokai.  Ibaraki.  Japan .  793 
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THURSDAY  An'ERNOON-1:00  PM-5:00  PM 
St.  Louis  Ballroom,  Fourth  Floor,  Salon  D 

SESSION  XVII:  MANUFACTURING  &  TESTING  OF 
OPTICAL  FIBERS.  CABLES  &  COMPO¬ 
NENTS 

Chairperson:  Mr.  Manuel  R.  Santana.  AT&T  Bell 
Laboratories.  Norcross.  GA 
High  Potentialities  in  Fiber  Preform  Manufacturing 
Using  Very  Large  and  Precisely  Bored  Silica 
Ingots— D.  Pavy.  M.  Moisan.  I.  Hardy.  P  Grosso. 

Centre  National  d'Etudes  des  Telecommunications 


(CNET).  Lannion.  France;  and  C.  Le  Sergent.  0. 

Tregoat.  Alcatel.  Marcoussis.  France .  800 

A  Profiling  System  for  Large  Optical  Fiber 
Preforms—  T.  Abiru.  M.  Nakayama.  R.  Yamauchi. 

Fujikura  Ltd..  Sakura-shi,  Chiba.  Japan .  806 

Relaxation  of  Internal  Stress  in  Fully-Fluorine-Doped 
Single-Mode  Fibers— K.  Maeda.  S.  Okagawa.  H 
Ohnuma.  The  Furukawa  Electric  Co..  Ltd..  Ichihara. 

Chiba.  Japan .  810 


Coating  Striooing  Force  Measurement;  A  New  and 
Quick  Test  Method  for  the  Determination  of  the 
Degree  of  Curing  for  Optical  Fibre  Coating— H. 
Marsman.  R.  Wauben.  G.  Kuyt.  Philips  Optical  Fibre 


B.V..  Eindhoven.  The  Netherlands .  815 

Optical  Fiber  Failure  Probability  Predictions  from 
Long-Length  Strength  Distributions— <3.  S. 

Glaesemann.  Corning  Incorporated.  Corning.  NY .  819 

laboratory  Testing  and  Failure  Analysis  of  Fiber 
Interconnections— 7.  Wei.  GTE  Laboratories  Inc.. 
Waltham.  MA:  and  H.  H.  Yuce.  Bellcore,  Morristown. 

NJ .  826 

Computerized  Acceptance  Test  on  Field-Installed 
Optical  Fibre  Cables;  Applications  and  Results— H. 
Middel.  G.  Schweiger.  Deutsche  Bundespost 
TELEKOM.  Darmstadt.  Germany .  830 


THURSDAY  AFTERNOON— 1:00  PM-5;00  PM 
St.  Louis  Ballroom,  Fourth  Floor,  Salon  E 

SESSION  XVIII-  IMPLEMENTATION  OF  FIBER  DIS 
TRIBUTED  DATA  INTERFACE  (FDDI) 

Chairperson.  Mr  Homer  Vela.  AT&T  Network  Cable 
Systems,  Phoenix.  A2 

Moderator.  Mr.  Larry  G.  Romig.  Building  Industry 
Consulting  Service  International  (BICSI). 
University  of  South  Florida.  Tampa.  FL 


Invited  Presentations 

Planning  for  the  Future:  The  Importance  of  a 
Structured  Fiber  Cabling  Strategy — 8.  Hatfield.  M. 

Coden.  B  Ramsey.  Codenoll  Technology  Corp., 

Yonkers.  NY  .  839 

Installed  Cost  of  Fiber  Optic  Connectors  on  Various 
Fiber  Sizes— J.  C.  Huber.  3M  Company.  Austin. 

TX . 848 

FDDI  Finds  Fat  Fiber— fl.  A.  Montgelas.  Ensign- 

Bickford  Optics  Co..  Avon.  CT .  853 

Comparison  of  Twisted  Wire  Pair  and  Optical  Fibers 
for  FDDI— D.  A.  Krohn.  3M  Specialty  Optical  Fibers. 

West  Haven.  CT .  861 
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GOLD  SUSTAINING  CONTRIBUTORS 


LaserMike  Inc. 

6060  Executive  Blvd. 

Dayton,  OH  45424 

Lindsay  &  Williams,  Ltd. 

Ogden  Lane  Works 
Columbine  Street 
Manchester  Mil  2LH  England 

Mohawk  Wire  &  Cable 

9  Mohawk  Drive 
Leominster,  MA  01453 

NEPTCO,  Inc. 
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Pawtucket,  Rl  02861-0323 

Nippon  Telogr^  and 
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Tokai,  Ibaraki,  319-11.  Japan 

Nokia-Mailisfer,  Inc. 
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Northern  Telecom 

150  Montreal-Toronto  Blvd. 

Lachine,  Quebec  H8S  1B6  Canada 

NTT  America,  Inc. 
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Stamford,  CT  06901 

Olex  Cables 

A  Division  of  Pacific  Dunlop 
207  Sunshine  Road 
Tottenham,  3012 
Melbourne,  Australia 

Optical  Fibres 
Second  Avenue 
Deeside  Industrial  Park 
Deeside,  Clwyd 
Great  Britain,  CH5  2NX 

Owens-Coming  Fiberglas  Corporation 

Fiberglas  Tower,  T/8 
Toledo,  OH  43659 

PENRECO 

R.D.  2  -  Box  1 
Karns  City,  PA  16041 

Quantum  Chemical  Corp. 

11500  Northlake  Drive 
Cincinnati,  OH  45249 


Siecor  Corporation 
489  Siecor  Park 
PO  Box  489 

Hickory,  NC  28603-0489 

SpecTran  Corporation 
50  Hall  Road 
Sturbridge,  MA  01566 

Sumitomo  Electric  U.S.A.,  Inc. 

21221  S.  Western  Ave.,  Suite  200 
Torrance,  CA  90501 

Taknor  Apex  Company 

505  Central  Avenue 
Pawtucket,  Rl  02861 

The  Furukawa  Electric  Company,  Ltd. 
2-6-1  Marunouchi,  Chiyoda-ku 
Tokyo  100,  Japan 

The  Stewart  Group  Ltd. 

259  Steelcase  Road  West 
Markham,  Ontario 
Canada  L3R  2P6 

USE  Industries  (America),  Inc. 

666  Fifth  Ave.,  14th  Floor 
New  York,  NY  10103 

Union  Carbide  Chemical  A  Plasties  Co. 
39  Old  Ridgebury  Rd. 

Danbury,  CT  06817 

VISTA  Chemicai  Company 
900  Threadneedle 
Houston,  TX  77079 

WateiQuaid  Cable  Products.  Inc. 

P.O.  Box  1079 

16023  1-10  East,  Suite  30 

Channelview,  Texas  77530 

Weber  A  Scher  MIg.  0>.,  Inc. 

263  Sussex  Avenue 
Newark,  NJ  07017 

Witco  Corporation 
520  Madison  Avenue 
New  York,  NY  10022-4236 
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Breen  Color  Concentrates,  Inc. 
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Cooper  Industries— Beldan  Division 
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Dow  Chemical  U.S.A. 
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DuPont  of  Canada,  Plastics  Division 
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Dussek  Campbeil 

Auburn,  N.S.W.,  2144  Australia 

Dussek  Campbell,  Ltd. 

Belleville,  Ontario,  K8N  5A5  Canada 

Ericsson  Cables  AB 

Hudiksvall,  Sweden 

Essex  Group,  Inc. 

Decatur,  IL  62526 

FITEL  General,  Inc. 

Carrollton,  GA  30117 

General  Cable 

South  Plainfield,  NJ  07080 


Huls  AG 

Marl,  Germany 

Kabelmetal  Electro  North  America  Inc. 

Larchmont,  NY  10538 

Kroschu>Kabeiwerke 
Kromberg  &  Schubert  GmbH  u.  Co 
Wuppertal,  Germany 

LONZA  Inc. 

Fair  Lawn,  NJ  07410 

MM  Cables  Communications  Products 
Clayton,  Victoria,  Australia  3168 

NKF  Kabei  B.V. 

AB  Waddinxveen,  Netherlands 

RXS  Schrumpftechidk-Gamituren  GmbH 
Hagen,  Germany 

Siemens  AG.  NKE 
Munich,  Germany 

Solem  DivMionfJ.M.  Huber  Corp. 
Norcross,  GA  30071 

Sumitomo  Electric  Industries,  Ltd. 
Yokohama,  Japan 

Superior  Teletec 
Atlanta,  GA  30339 

Televerket,  Nkk 

S-123  86  Farsta,  Sweden 
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OPENING  SPEAKERS 


James  J.  Pickering 
Neste  Chemicals,  Inc. 
N^  Brunswick,  New  Jersey 


Mr.  Pickering  is  a  native  of  New  Jersey 
vhere  he  ccirpleted  his  studies  at  Rutgers 
University.  Jim  has  worked  in  the 
Polyolefins  Industry  for  thirty  years  in 
Research  &  Develcpment,  Sales  and  Marketing 
of  Polyolefin  Film  Resin,  Molding  Products, 
and  Wire  &  Cable  materials.  Presently  he  is 
Director  of  Sales  and  Marketing  for  Neste 
Chemicals,  Inc.  Mr.  Pickering  is  a  member 
of  the  New  York  Rutdoer  Groijp,  the  Wire 
Association,  ASTM,  and  the  NFPA.  He  is 
chairman  of  Subccmmittee  8  in  the  Insulated 
Conductors  Committee  of  the  Pcwer 
Engineering  Society  of  IEEE,  and  is  Chairman 
of  the  International  Wire  &  Cable  Syitposium 
Committee.  Jim  and  his  wife  Lorraine  live 
in  Long  Valley,  New  Jersey  with  their  four 
children. 


Joseph  J.  Pucilowski,  Jr. 
Director,  CBCCM  Center  for  C3  Systems 
U.S.  Army  Ctmmunications-Electronics 
Ccmmand  and  Fort  ^fonmouth 
Fort  Monmouth,  NJ 

Mr.  Joseph  J.  Pucilcwski,  Jr.  was 
appointed  as  Director  of  the  Center  for 
Command,  Control  and  Communications  (C3) 
Systems,  U.S.  Army  CBCCM,  in  August  1990. 


He  has  ccramard  respx»isibility  for  formulating, 
coordinating,  managing  and  inplesnenting 
internal  and  external  research,  develcpment 
and  engineering  programs  to  fill  the  Array's 
tactical  C3  needs,  vhile  also  providing  full 
technical  support  to  U.S.  Army  Program 
Executive  Officers  and  Project  Managers  in 
C3. 

He  was  awarded  a  Bachelor  of  Arts  in 
Hiysics,  with  a  minor  in  Mathematics  from 
Rutgers  IMiversity,  and  a  Master  of  Science  in 
Electrical  Engineering  from  Fairlei<^ 
Dickinson  Ihiversity.  He  was  appointed  by  the 
Secretary  of  the  Army  to  the  Senior  Executive 
Service  in  November  1986. 

Mr.  Pucilowski  was  appointed  Acting  Depxity 
Chief  of  Staff  for  Concurrent  Engineering  at 
the  U.S.  Array  Materiel  Command  Headquarters 
from  February  1991  to  September  1991.  In  that 
capacity  he  had  ccmmand  responsibility  for 
Concurrent  Engineering  planning  and 
inpleroentation  as  well  as  test  and  evaluation, 
production  base  planning  and  product  assurance 
for  AMC. 

Mr.  Pucilcwski  began  his  government  career 
in  1963  as  a  physicist  for  the  U.S.  Atomic 
Ehergy  Commission.  He  transferred  to  Fort 
Moranouth  in  1967  and  has  held  various 
technical  and  managerial  assignments  at  Fort 
Monmouth  to  include:  Director  of  the  CEOCM 
Product  Assurance  and  Test  Directorate; 
Associate  Director  for  Research  &  Technology, 
CBOC^I  RD&E  Center,  Associate  Director  for 
Information  Processing  Techixslogy,  Center  for 
OCMM/ADP  and  Depjuty  Director  and  Acting 
Dirertor  of  the  Center  for  Tactical  Ccnputer 
Systems. 

He  has  served  as  the  NATO  U.S.  D^t.  of 
Defense  (DCO)  Representative  to  SubGrcap  IX, 
Defense  Bquipxnent  Reliability  and 
Maintainability  (RSM)  Assurance  and  as  a 
member  of  the  American  British  Canadian 
Australian  (ABCA)  Ccmmittee  on  RSiM. 

Mr.  Pucilowski  served  as  President  of  the 
Armed  Forces  Ccmraunications-Electronics 
Association  (AFCEA)  Fort  ffonmouth  Chapter  and 
as  the  Chairman  of  the  14th  arid  17th  Annual 
AFCEA  Syiiposia.  He  also  serves  cis  an  Honorary 
Advisor  Member  of  the  Board  of  AUSA.  He  has 
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been  a  member  of  the  NJ  Dept  of  Richer 
Education's  Panel  on  Faculty  Develcpnent  in 
Teleccmraunications  and  Anty  Member  of  the 
Joint  Directors  of  Laboratories  Subccxnmittee 
on  C3.  He  has  published  or  presented 
thirty-five  technical  papers. 

A  native  of  New  Jersey,  Mr.  PucilcwsJd. 
currently  resides  in  Hcwell  with  his  wife 
Maryann.  They  have  six  children — ^Adam, 
Jos^h,  Tii  nda  Arm,  Mary,  Kristin  and 
Fraricine. 
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TUTORIAL  SPEAKERS 


Manuel  R.  Santana 
AT&T  Bell  Laboratories 
Norcaross,  Georgia 


Manuel  R.  Santana  is  Svi^jervisor  of  the 
Exploratory  and  Military  Li^tguide  Cable 
Group  with  research  and  develcpxent 
responsibility  for  fiber-qptic  cables  used 
in  the  outside  plant  and  in  military 
aiplications.  He  has  been  involved  in 
research  and  product  development  in 
fiber-cptic  cable  and  he  currently  has  been 
awarded  ei^t  patents  hais  twenty-four 
publications  to  his  credit. 

Mr.  Santana  joined  AT&T  Bell 
Laboratories  in  1970,  having  received  his 
B.S.E.E.  fran  the  University  of  Hartford, 
and  M.S.E.E.  frcan  Georgia  Institute  of 
Technology.  He  is  a  senior  member  of  the 
IEEE. 


Dr.  Eckart  Gleissner 
ANT  Backnang  (Bosch  Group) 
Backnang,  Germany 


Dr.  Eckart  Gleissner  was  bom  in  1936  in 
Germany.  He  received  his  Dipl.-Ing.  degree 
in  1961  and  his  Dr.-Ing.  degree  in  1971  from 
the  Technische  Lfriiversitat  Munchen. 


In  1961  he  joined  the  former  AEG 
Telefunken  AG  in  Backnang  and  was  engaged  in 
the  ccsnputer  aided  develcpnent  of  circuits  and 
systems  for  telecommunication  networks.  Since 
1975,  in  addition  to  his  work  in  the  coitpany, 
he  gives  lectures  on  "Computer  aided  design  of 
electrical  networks"  at  the  Lftiiversity  of 
Stuttgart. 

In  1983  he  joined  the  telecommunication 
cable  systems  division  of  ANT 
Nachrichtentechnik  in  Backnang,  a  company 
belonging  to  the  Bosch  group,  v^here  at  first 
he  was  responsible  for  the  development.  Since 
1988  he  is  the  head  of  the  division,  whose 
product  sccpe  includes  the  eirea  of  electronic 
traffic  guide-  and  control-systems. 

He  is  a  member  of  the  German  Information- 
stechnische  Gesellschaft  (ITG) . 


Dr.  Brian  T.  Barcelo 
Marketing  Director 
AT&T  Network  Systems 
Holmdel,  New  Jersey 


Brian  T.  Barcelo,  a  native  of  Louisiana, 
was  graduated  from  Tulane  Ifriiversity  with  a 
B.S.  degree  in  Mechanical  Engineering  in 
1965.  He  continued  his  education  at  the 
California  Institute  of  Technology  in 
Pasadena,  California,  receiving  M.S.  and  Eh.D. 
degrees  in  Aeronautics  in  1966  and  1971, 
respectively . 

Dr.  Barcelo  has  been  a  part  of  the  AT&T 
family  since  1971,  v^hen  he  joined  the  staff  of 
Western  Electric  at  the  Engineering  Research 
Center  in  Princeton.  His  caureer  has  included 
engineering  research,  editor  of  The  Western 
Electric  Engineer  Magazine,  switching  product 
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management,  and  international  market 
planning.  At  the  present  time,  he  is  the 
Marketing  Director  for  Network  Systems, 
responsible  for  identifying  network  products 
and  service  c^portunities  in  the 
teleccmmunications  marketplace. 

Dr.  Barcelo  has  discussed  AT&T  Network 
Systems  business  cpportunities  in  forums 
around  the  world.  Currently,  he  is  actively 
involved  in  investigating  (pportunities  for 
bringing  new  technology  to  the  customer. 

Dr.  Barcelo  became  involved  in  IVHS  in 
1990  vhile  investigating  cpportunities  for 
bringing  new  technologies  to  the  customer. 

As  part  of  this  effort,  he  is  responsible 
for  AT&T  Network  System's  study  of  autcmatic 
toll  collection  systems,  video  motion 
detectors,  driver  information  systems, 
trciffic  management  architectures  and  the 
IVHS  network  infrastructure. 

Dr.  Barcelo  is  a  professional  engineer 
in  the  state  of  Louisiana  and  is  a  member  of 
the  Louisiana  Engineering  Society  and  the 
ASME.  He  is  on  the  Engineering  Advisory 
Board  of  Tulane  University  cind  the 
Mechanical  Engineering  Advisory  Board  of 
Mercer  County  Ccmraunity  College  and  is  the 
president  of  the  South  Brunswick  Athletic 
Association. 


Richard  J.  Weiland 
Vice  President 
SEI  Information  Technology 
Chicago,  IL 


Mr.  Richard  J.  Weiland  is  currently 
Corporate  Vice  President  of  SEI  Information 
Technology.  SEI  is  a  leading  national 
software  consulting  organization 
specializing  in  system  planning  and 
integration,  and  the  development  of  ccstplex 
application  software  products  for  clients 
nationwide. 


Mr.  Weiland  is  responsible  for  the  support 
of  new  technology  ventures  and  for  internal 
coordination.  In  addition  to  these  corporate 
management  responsibilities,  Mr.  Weiland  is  a 
regular  particip)ant  in  major  client  studies, 
with  eitfhasis  on  conceptual  design, 
requirements  analysis,  and  system  planning. 

In  1985,  Mr.  Weiland  participated  in  the 
founding  and  planning  of  Navigation 
Technologies  Corp. ,  an  SET  technology  venture, 
and  has  served  as  a  Director  of  NavTech  since 
its  formation.  NavTech  develops  eind  markets 
navigable  electronic  street  map  databases  to 
support  vehicle  route  guidance  systems  and  a 
variety  of  related  products  and  services. 

Mr.  Weiland  is  an  internationally 
recognized  author  and  lecturer  in  Structured 
System  Development,  and  has  presented 
professional  development  seminars  on  this 
subject  throun^out  the  U.S.  and  in  Australia, 
Brazil,  Canada,  and  Great  Britain.  He  is  the 
Author  of  a  book,  "The  Programmer's"  Craft, 
published  by  Reston  in  1983,  and  a  number  of 
papers. 

Mr.  Weiland  is  a  member  of  the  IEEE 
Computer  Society,  the  Association  for 
Ccanputing  Machinery,  and  the  Society  of 
Automotive  Engineers.  Mr.  Weiland  served  as 
editor  of  IVHS  Interchange,  newsletter  of  the 
Task  Force  on  Advanced  Vehicle  &  Highway 
Technologies  of  the  Transportation  Research 
Board  (National  Research  Council) .  He  is  SEI's 
representative  to  the  Intelligent 
V^icle-Hi<^way  Society  of  America  (IVHS 
America),  a  utilized  advisory  body  to  the  U.S. 
D^t.  of  Transportation.  Mr.  Weiland  serves 
on  IVHS  America's  Coordinating  Council  and  is 
Chairman  of  its  Ccmmittee  on  Standards  & 
Protocols. 

Prior  to  his  association  with  SEI,  Mr. 
Wteiland  was  an  Instructor  of  Ccmputer  Science 
at  the  Illinois  Institute  of  Technology  and  a 
research  and  teaching  assistant  at  the 
University  of  Chicago. 

Mr.  Weiland  holds  a  BS  in  Mathematics  fron 
the  University  of  Michigan,  and  an  MS  in 
Information  Science  and  an  MBA  from  the 
University  of  Chicago. 
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Dr.  James  Costantino 
Executive  Director 
rVHS  America 
Washington,  DC 


Dr.  James  Costantino  is  the  first 
Executive  Director  of  the  Intelligent 
Vehicle  Hi^iway  Society  of  America  (IVHS 
America) ,  an  educational  cind  scientific 
association  established  to  coordinate  the 
use  of  advanced  cosniputer  eind  communications 
technology  for  so-called  "smart”  car  and 
hi^ways.  Dr.  Costantino  has  more  than  20 
years  eoperience  managing  transportation 
research  programs  for  government,  industry 
and  academia. 

Before  coming  to  IVHS  America,  Dr. 
Costantino  was  Professor  of  Transportation 
Systems  in  the  School  of  Information 
Technology  and  Engineering  at  George  Mason 
Uhiversity.  His  teaching  and  research 
activities  were  related  to  multimodal 
transportation  systems,  systems  integration, 
cind  strategic  technology  planning. 

Previously,  Dr.  Costantino  was  Executive 
Vice  President  of  the  norprofit  Free 
Congress  Research  Foundation;  Managing 
Partner  of  the  Charles  River  Groip;  and 
Executive  Vice  President  and  Chief  Operating 
Officer  of  JAYOOR,  Inc. 

In  the  Federal  government.  Dr. 

Costantino  was  with  the  Federal  Aviation 
Administration,  National  Aeronautics  and 
Space  Administration  and  the  D^iartment  of 
Tran^»rtation.  In  DOT,  he  worked  as  the 
U.S.  Transportation  Secretary's 
Ri^resentative  to  state  and  local 
governments.  His  most  recent  Federal 
position,  from  1976  to  1984,  Wcis  eis  the 
Director  of  the  Transportation  Systems 
Center  in  Cambridge,  v^ere  DOT  conducts  a 
$150  million  multiixdal  tremsportation 
research  program. 


Dr.  Costantino  is  a  Director  of  the 
NaticMial  Society  of  Professicxial  Ehgineers,  a 
Fellow  of  the  American  Associatic«  for  the 
Advancement  of  Science,  cind  other 
professicMial,  technical,  and  ccrmunity  service 
organizaticwTs . 
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LUNOffiC^J  SPEAKER 


Julius  Hunter 

News  4  St.  Louis  Veteran  Anchorman 
4KM0V,  St.  Louis,  MO 


Award-winning  Anchor  Julius  Hunter 
joined  Channel  4  in  May,  1974.  He  currently 
co-anchors  "News  4  St.  Louis"  at  5  and  lOFM 
weekdays  with  veteran  Larry  Conners.  Mr. 
Hunter  is  a  native  of  St.  Louis,  vhich  gives 
him  special  expertise  in  gathering  and 
delivering  the  latest  news  of  the  day. 

Mr.  Hunter's  news  eissignments  have  taken 
him  across  the  state,  region,  country,  and 
world.  He  was  the  only  St.  Louis  reporter 
dispatched  to  Rome  twice  in  1978,  follcwing 
the  deaths  of  Pcpes  Paul  VI  and  Jchn  Paul 
I.  Frcro  Rome,  Mr.  Hunter  sent  daily  video 
tape  reports  via  satellite  back  to  St. 

Louis.  In  1979,  he  aocoirpanied  Pc^  Jchn 
Paul  II  on  his  historic  six-city  visit  to 
America,  ard  again  in  1987  during  the  Pcpe's 
ccast  to  cxast  American  tour. 

Mr.  Hunter  is  the  only  r^xDrter  in  St. 
Louis  and  one  of  the  few  journalists  in  the 
nation  vho  has  conducted  exclusive 
television  interviews  with  three  U.S. 
Presidents.  President  Ford  was  a  guest  on 
Mr.  Hunter's  half-hour  "Newsmakers"  program 
on  S^Jtember  12,  1975.  Mr.  Hunter 
interviewed  President  Jimmy  Ccurter  on  August 
23,  1979  vhile  the  President  cruised  down 
the  Mississippi  River  on  the  "Delta  Queen." 
Mr.  Hunter,  thus,  became  the  only  reporter 
in  the  nation  to  interview  President  Ccirter 
on  the  President's  entire  caruise.  When 
President  Ronald  Reagan  came  to  St.  Louis  on 
July  22,  1982,  Mr.  Hunter  was  granted  a 
twenty-minute  exclusive  television  interview 


with  the  President.  It  was  frcsn  that 
interview  that  Mr.  Hunter  became  the  first 
reporter  in  the  nation  to  learn  of,  and 
report,  the  resignation  of  Murray  Wiedenbaum, 
who  at  that  time  vas  the  Chairman  of  the 
Council  of  Economic  Advisors. 

In  April,  1981,  Mr.  Hunter  joined  a  small, 
but  distinguished  grotp  of  journalists,  vhen 
he  was  named  a  recipient  of  the  Missouri  Medal 
of  Honor  from  Missouri  University's  School  of 
Journalism.  Mr.  Hunter  was  cited  for 
"outstanding  service  to  jcxjmalism  and  to  the 
pecple  of  St.  Louis  as  a  r^xDrter,  television 
news  anchor,  author,  and  teacher." 

In  /^ril,  1984,  Mr.  Hunter  was  selected  as 
the  recipient  of  the  American  Jewish 
Ccmmittee's  "Micah  Award"  for  his  outstanding 
humanitarian  service  to  the  St.  Louis 
cxmmunity. 

Ifr.  Hunter  also  holds  five  St.  Louis  anmy 
Awards  to  attest  to  his  professionalism.  His 
five-part  series,  "Cults:  Heaven  or  Hell?" 
won  the  national  Religion  In  Media  Award  for 
1980.  And,  in  1983,  Mr.  Hunter's  in-depth 

report  on  the  insanity  plea  won  an  award  frcm 
the  American  Bar  Asscxoiation.  In  1990,  Mr. 
Fkinter's  five-part  series,  "Dance  or  Deceit?" 
won  the  first  place  award  for  Investigative 
Ri^xDrting  frcm  the  Missouri  Brcsadcasters' 
Asscxoiation. 

Mr.  Hunter  was  honored  by  Ihe  Saint  Louis 
Ambassadors  vho  presented  him  with  their  1987 
"Spirit  of  St.  Louis  Award"  for  his 
"...outstanding  dedication  and  service  to  the 
community."  He  is  also  the  recipient  of  the 
National  Conference  of  Christians  and  Jews 
(NCGJ)  Brotherhood/ Sisterhood  Award  for  his 
"...contributions  to  good  human  relations  and 
to  irproving  the  quality  of  life  in  St. 

Louis." 
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Beginning  his  broadcast  career  in  1970, 
Mr.  Hunter  was  a  news  reporter,  weekend 
anchorman,  and  weekend  news  director  for 
KSD-TV.  From  1969  to  1970,  he  was  an 
administrator  at  Washington  University. 

From  1968  to  1969,  he  was  a  copywriter  for 
Foote,  Cone  &  Bel.ding,  an  advertising  agency 
in  Chicago,  and  before  that,  he  tau^t 
school  in  St.  Louis.  Mr.  Hunter  is  a  1965 
graduate  of  Harris-Stcwe  State  College. 

Mr.  Hunter  has  served  on  the  adjunct 
faculties  of  Maryville  College,  St.  Louis 
Lfriiversity,  Harris-Stcwe  State  College,  and 
Washington  Uraversity,  as  an  instructor  in 
Communications  and  Broadcast  Journalism.  He 
has  also  conducted  a  number  of  seminars  in 
the  area  dealing  with  television  news  and 
its  inpact  on  society.  In  his  spare  time. 
Hunter  is  a  popular  luncheon  and  dinner 
speaker  vho  delivers  eibout  60  addresses  a 
year. 

He  is  the  author  of  the  witty  children's 
book  Absurd  Alpheibedtiine  Stories,  Bethany 
Press,  St.  Louis,  and  is  cx>-author  of  a 
college  textbook  called  Broadccist  News:  The 
Inside  CXit,  C.V.  Mosby  Company,  St.  Louis. 
Mr.  Hunter  is  also  author  of  Kingsbury 
Place:  Ihe  First  200  Years,  and  the 
recently  published  Westmorland  and  Portland 
Places  -  1888-1988.  This  book  hit  the 
bestseller  list  in  St.  Louis  and  remained 
number  one  for  11  weeks.  Because  of  the 
overwhelming  national  response,  the  book 
went  into  a  second  printing  after  six  months 
on  the  bookshelves. 

Among  his  many  avocations,  Mr.  Hunter 
was  also  a  columnist  for  the  St.  Louis  Post 
Dispatch  for  a  year  and  a  half.  Ihe  column, 
titled  "Past  Times",  featured  interesting 
tidbits  about  St.  Louis'  rich  and  colorful 
history. 

Mr.  Hunter  was  a  two-term  member  of  the 
Board  of  Directors  of  the  Missouri 
Historical  Society.  He  currently  serves  on 
the  Directors  of  the  St.  Louis 
Backstcppers.  Backstcppers  gives  moral  and 
financial  sipport  to  the  spouses  and 
children  of  police  officers  and  firefi(^ters 
vho  are  injured  or  killed  in  the  line  of 
duty. 


St.  Louis  Magazine  selected  Jiolius  Hunter 
as  St.  Louis'  best  Television  News  Anchorman 
in  its  July,  1982  edition.  Mr.  Hunter  was 
chosen  as  the  subject  of  the  cover  of  the  July 
issue  of  that  magazine.  A  1982  Post-Dispatch 
poll  of  its  readers  found  Hunter  to  be  the 
city's  most  pcpular  television  anchorperscxi. 
And  an  April,  1984  Globe  Democrat  article 
singled  Mr.  Hunter  out  as  "Ihe  Real  St.  Louis 
Anchorman."  Fitting  honors  for  a  "consummate 
pro. " 


International  Wire  &  Cable  Symposium  Proceedings  1991  7 


Pr«liminkry  fl«SMzch  into 

Ultra  High  Oansity  and  Bigh  Count  Optical  Fibar  Cables 


Shigeru  TOMITA,  Michito  MATSUMOTO,  Tetsuro  YABUrA  and  Takuya  UEN’OYA* 

NTT  Field  Systems  Research  and  Development  Center 
Tokai,  Naka,  Ibaraki,  319-11  JAPAN 


*NTT  Network  Systems  Development  Center 
Uchisaiwaicho,  Chiyoda,  Tokyo,  100  JAPAN 


Abatract 

In  order  to  construct  optical  subscriber 
cable  networks  for  FTTH (Fiber  To  The  Home), 
very  high  count  optical  fiber  cables  are 
required.  However,  if  conventional  cable 
design  is  used  the  cable  is  very  large.  We 
have  designed  a  new  cable  called  U-groove 
Unit  Cable. 

In  this  paper)  first,  we  study  subscriber 
cable  network  to  determine  the  requirements 
that  must  be  satisfied  when  the  high  count 
cable  is  installed.  Second,  we  describe 
cable  size  requirements  which  are  dependent 
on  the  size  of  outside  plants  and 
installation  tools.  Third,  we  study  cable 
design  method.  Finally  we  clarify  the 
requirements  for  optical  fibers  and 
ribbons . 


1.  Introduction 

Currently,  telephone  companies  are 
focusing  their  attention  on  ways  to 
construct  optical  subscriber  networks. 

Most  telephone  companies  have  selected 
FTTC (Fiber  To  The  Curb)  as  a  first  step  in 
the  construction  of  FTT!'.  networks,  in  order 
to  minimize  the  initial  financial  outlay. 

However,  in  Japan,  NTT  is  discu.ssing  an 
FTTH  construction  program  called  0FL2l[*I. 
This  program  will  be  completed  in  2C15. 

The  reasons  why  the  FTT^  program  will  be 
started  this  early  are,  (1)  project  scale 
is  very  big,  (2)  development  of  new 
technologies  including  very  high  count 
optical  fiber  cable  are  required,  (3) 
development  and  construction  resources  are 
1 imitcd . 

Therefore,  very  high  count  optical  fiber 
cable  should  be  developed  early,  in  order 
to  con-ct  ruct  subscriber  networks  that  are 
all  optical  fiber.  NTT  has  already 
developed  a  iOCC-fiber  cable  which  is  40nun 
in  diameter.  But,  its  fiber  count  is  too 
Email  to  provide  a  fiber  to  each 
.'tucscriber,  because  3600-pair  cables  are 
u.aed  in  copper  subscriber  cable  networks. 
Therefore,  we  designed  a  new  cable,  for 
application  to  future  optical  networks. 


Topics 
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Figure  1  NTT  Optical  Subscriber  Cables 
Past,  Present  and  Future 

2.1  F*at  C«bl«  Daaicm 

NTT  has  been  studying  optical  fiber 
cables  for  subscriber  use  since  the  middle 
of  the  1980' s.  Figure  2  shows  the  first 
developed  cable,  which  held  600  Graded- 
Index  profile  fiberst^I.  ■  This  cable  had  a 
"ribbons  in  tubes"  design.  Each  tube  had 
four  5-fiber  ribbons.  Tubes  were  stranded 
around  a  central  member  in  two  layers. 

This  type  of  cable  was  used  in  the  first 
ISDN  field  trial  in  Tokyo.  However, 
because  of  the  following  problems,  this 
design  is  no  longer  used. 

(1)  'Loss  increase  at  low-temperature 

(2)  Difficulty  in  extracting  fibers  at 
points  along  the  tubes 

(3)  Low  fiber  density 

2.2  Praaanti  cabla  daaion 

To  solve  the  above  problems,  we  developed 
a  new  cable  design  called  "slotted  rod 
cable".  In  this  cable  design,  ribbons  are 
tightly  inserted  in  rectangular  slots 
helically  shaped  on  a  polyethylene  rod. 
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Figure  3  Slotted  rod  cable  structure 


F:auro  -I  4 jOO-f i ber  cable 

with  fi-fiber  ribbon? 
(r.  lotted  rod  typo) 


And  five  or  six  rods  are  stranded  around  a 
central  member.  The  advantages  of  this 
design  are  as  follows. 

(1)  Compact (yet  it  protects  fiber  ribbons 
from  lateral  force) 

<2)  Precise  fiber  strain  control (to 
estimate  the  long  term  reliability  of  the 
fiber) 

Figure  3  shows  a  cross-section  of  a  1000- 
Single-Mode  fiber  cable,  using  8-fiber 
ribbonsl^l.  Each  slot  holds  a  five  8-fiber 
ribbons,  and  each  rod  has  five  slots.  So, 
each  rod  holds  200  fibers. 

NTT  introduced  this  cable  in  1988  for 
commercial  optical  subscriber  services,  in 
Tolcyc  and  other  metropolitan  areas. 

Its  fiber  count,  however,  is  too  small  to 
provide  a  fiber  to  each  subscriber  in  an 
future  FTTH  networ)c .  If  this  structure  is 
used  with  the  same  fiber  ribbon  to  form  a 
4000-fiber  cable,  the  cable  diameter 
becomes  very  large  as  shown  in  figure  4. 
This  causes  installation  wor)c  difficulties, 
fiber  reliability  problems  and  installat.rn 
length  limit  in  the  short  range. 

Therefore,  we  began  to  study  a  new  cable 
design  and  a  new  fiber  ribbon. 

3.Subaeribat  eabla  nabwork  for  FTTH 

A  long-term  strategy  is  required  to 
replace  copper  subscriber  cable  networks 
with  optical  subscriber  networks.  So,  as  a 
first  step,  we  studied  optical  subscriber 
cable  networks  for  FTTH.  Our  future 
network  plan  is  shown  in  figure  5.  We  will 
form  this  network  in  a  Single-Star 
configuration,  because  the  Passive  Double 
Star  configuration  presents  problems  with 
regard  to  coupler  transmission  loss,  fiber 
testing  and  network  operation. 

In  our  future  network  plan,  an  optical 
subscriber  network  consists  of  a  loop 
conf igurat...on  cable  network  and  fixed 
distribution  areas.  A  fi.xed  number  of 
cores  are  applied  to  each  fixed 
distribution  area.  In  a  conventional 
copper  subscriber  network,  the  number  of 
cores  is  600.  The  nuni-ur  of  cores  for 
optical  subscriber  network,  has  not  yet 
been  determined.  But,  as  the  transmission 
loss  of  optical  fiber  cable  is  much  lower 
than  that  of  copper  cable,  the  fixed 
distribution  area  will  increase  in  size 
which  will  mean  an  increase  the  numt)er  of 
cores.  Those  cores  are  served,  at  a 
feeder' point ,  from,  a  loop  cable  installed 
from  and  back  to  the  sam.e  telephone  office 
through  fixed  distribution  areas.  In  the 
fixed  distribution  area,  each  subscriber  is 
wired  to  the  nearest  wiring  box  on  a 
distribution,  cable. 

High-count  c.-ibles  are  essential  in  the 
loop  con f igura L ion  cable  network.  In  order 
to  make  construction  work  easier,  direct 
connection  between  two  feeder  points  or 
between  a  telephone  office  and  a  feeder 
point  is  required.  To  install  long  cables 
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is  needed  to  solve  this  problem.  Below  we 
discuss  the  conditions  for  long  cable 
instal lat ion . 


i.. _ Reouiremants 

4.1  Cabla  Pi-  r  iona 

There  are  some  cab' .  jmetor  and  weight 
requirements  which  ,  •  related  to 
installation  cond' -ions .  In  NTT's 
subscriber  loop  ,  a  cable  should  satisfy 
the  following. 

(1)  Install®  ion  into  a  conventional 
conduit . 

The  inier  diameter  of  a  conventional 
conduit  is  75mm.  So,  the  cable  diameter 
should  be  less  than  75mm  and  the  pulling 
head  including  connector  protection  should 
also  be  less  than  this  value. 

(2)  Use  of  conventional  installation  tools. 

Current  installation  tools  were  designed 

for  conventional  cables  which  have  a 
maximum  diameter  of  40mm.  If  these  tools 
are  to  be  used,  the  cable  diameter  should 
be  equal  to  or  less  than  40mm.  The 
available  installation  force  for  these 
tools  is  SOOkgf. 

(3)  Maximum  length  of  1500m. 

The  mean  optical  cable  length  in  NTT'.s 
subscriber  loops  is  about  706m.  The 
maximum  cable  length  depends  on 
installation  condition.s.  At  present, 
optical  cables  are  installed  in 
metropolitan  area.  In  rural  area,  distanu,- 
between  feeder  points  is  longer  than 
metropolitan  area's.  Considering  increase 
of  installation  length,  we  think  that 
double  the  present  mean  length  is  required. 

There  are  two  problems  regarding  1500m 
installation.  The  first  is  cable  reel 
size,  and  the  second  is  installation  force. 
The  cable  diameter  should  be  equal  to  or 
less  than  3Smm  in  order  to  wind  1500m  of 
cable  on  to  the  largest  conventional  cable 
reel . 


The  installation  force  should  be  less 
than  SOOkgf  in  accordance  with  (2)  above. 
Where  the  friction  coefficient  between  the 
cable  and  the  inner  wall  of  the  conduit  is 
0.5,  the  cable  weight  should  be  less  than 
l.OSkg/m.  We  also  have  to  consider  the 
friction  increase  due  to  reduced  clearance 
between  the  cable  and  the  inner  wall  of  the 
conduit . 

Figure  6  shows  cable  size  and  weight 
requirements  based  on  above  the  conditions. 

1.. .  Conduit  inner  diameter,  2...  Maximum 
diameter  for  conventional  installation 
tools,  3. ..Maximum  length  for  conventional 
cable  reel  use,  4  ...  Installation  force, 

5.. .  Friction  increase  betwee,-.  conduit  and 
cable . 


Cfible  weight  Ikg'm) 

Q  1000-fiber  cable (NTT) 


Figure  6  Cable  dimension  requirements 


4 . 2  Fiber  Count 

In  order  to  replace  copper  wire 
subscriber  networka  with  all  optical  fiber 
.subscriber  networks,  the  highest  count 
optical  fiber  cable  must  include  the  same 
number  of  optical  fibers  as  the  number  of 
copper  pairs  in  the  highest  count 
conveniior.ai  cable.  The  highest  count 
cable  in  copper  networks,  has  3600  pairs. 
Similar  fiber  count  cables  are  necessary, 
when  the  .subscriber  network  .has  either  a 
loof?  or  star  configuration.  Therefore,  we 
beoan  to  study  high  den.sity  and  high  count 
cable  which  can  hold  4000  fibers, 
considering  to  the  potential  future 
increase  in  subscribers. 
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When  we  consider  the  new  cable  structure, 
some  conditions  are  required  besides  those 
described  in  section  4. 

(1)  Tight  structure 

To  realize  a  high  density  cable,  free 
space  should  be  reduced.  With  a  loose 
cable  structure,  where  the  clearance 
between  the  fiber  or  ribbon  and  the  cable 
material  is  very  small,  attenuation  loss 
may  increase  at  low  temperatures  due  to 
fiber  buckling. 

(2)  Unit  Branching 

High  count  conventional  copper  pair 
cables  consist  of  units  which  include  100 
or  200  pairs.  Cables  are  divided  into 
units  at  cable  splicing  points.  Therefore, 
high  count  optical  fiber  cables  should 
consist  of  units  with  a  fiber  count  in  the 
100  to  200  range. 


To  satisfy  the  above  requirements,  we 
propose  a  new  cable  structure  called  U- 
groove  unit  cable  as  shown  in  figure  7. 

Each  unit  consists  of  0-grooved  material 
and  stacked  optical  fiber  ribbons.  The  U- 
groovc  units  are  stranded  around  a  central 
member.  With  figure  8,  we  can  calculate 
the  cable  size,  "he  inscribed  circle  radius 
Ri  of  the  stranu-.d  units  is  expressed  as 
eq .  1 . 


Ri-=b/2  (l/sir.  (7:/n) ) 


(1) 


where  a  is  unit  height,  b  is  unit  width  and 
n  is  the  number  of  stranded  units. 

The  circumscribed  circle  radius  r©  is 
expres.sed  as  eq.2. 


Figure  8  U-groove  cable  size 
calculation  model 


ribbon  fiber 


Ro=((b/2)2+(a+Ri)2)l/2 


(2)  Figure  9  Top-view  of  Stranded  U-groove 


Where  the  distance  between  a  fiber  and 
the  cable  central  axis  is  rf,  the  distance 
between  the  center  of  the  ribbon  holding 
this  fiber  and  the  axis  is  tr,  and  the  unit 
stranding  pitch  is  p  as  shown  in  figures  9 
and  10,  fiber  strains  due  to  structure  are 
calculated  as  follows. 

Fiber  elongation  Ce  due  to  loci 
differences  between  the  fiber  and  ribbon 
centers  is  expressed  as  eq.3. 

Ce=((2ltrf)2+p)2)  1/2/l^_1  O, 

N 

Lo-N(I(l/ ( (2nrf)2tp2) l/2)-l  (4) 

i  =  l 


Figure  10  Cross-section  of  U-groove  at  A-A' 
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Strain  (%)  o  Strain  (%) 


Bending  strain  Eb  due  to  fiber  diameter 

is  expressed  as  eq.4. 

Eb=d/2rb 

(5) 

rb= (tf+ (p/2n) 2) /rf 

(6) 

where  d  is  fiber  diameter.  Torsion 

Et  is  expressed  as  eq.7. 

strain 

£t=d/2Ti 

(7) 

Xi=(  (2ltrf)2+p2)  3/2/  (27tpl.o) 

(8) 

Total  strain  e  of  these  3-strains  is 
expressed  as  eq.9. 

e=l/2  (ee+Eb+  (  (Ee+Eb)  (2GEt/E)  2)  1/2  o) 

where  G  is  the  modulus  of  elasticity  in 


shear  and  E  is  the  Young's  modulus  of  a 
fiber . 

According  to  the  requirements,  the 
maximum  cable  diameter  is  35mm.  When  cable 
sheath  and  core  wrapping  material  thickness 
are  taken  into  consideration,  the  maximum 
rf  is  about  14mm.  And  when  strength  member 
for  SOOkgf  installation  force  and  its 
coating  diameter  are  taken  into 
consideration,  the  minimum  rf  is  about  7mm. 
Individual  strain  values  and  total  strain 
are  shown  in  figures  11  to  figure  14,  where 
rf  is  7  and  14mm.  If  strain  reduction  is 
required,  the  stranding  pitch  must  be  wide. 

Another  strain  problem  is  caused  by  the 
tight  insertion  of  the  ribbon  fiber.  But 
this  strain  can  be  kept  sufficiently 
small,  because  the  backward  tension  on  the 
ribbon  can  be  precisely  controlled. 

Residual  strain  due  to  the  ribbon  insertion 
process  is  less  than  0.02%. 


Stranding  pitch  (nun) 


Figure  13  Torsion  strain 


Stranding  pitch  (mm) 
Figure  14  Total  strain 
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As  shown  in  figure  15,  when  a  ribbon  is 
bent  along  its  horizontal  plane,  the 
outside  of  fibers  in  the  ribbon  are 
elongated.  The  maximum  stress  £h  is 
expressed  as  eq.lO. 

eh=dr/Ft  (10) 

where  dr  is  the  distance  between  the  ribbon 
center  and  the  center  of  the  outermost 
fiber  and  R  is  the  cable  bending  radius. 
This  strain  value  is  the  worst  case, 
because  a  fiber  ribbon  moves  to  reduce  the 
strain.  However,  the  reduction  rate 
depends  on  cable  structure  and  ribbon 
dimensions.  So,  we  evaluate  this  strain 
with  eq.lO. 

6.  Reonirmnanta  for  eoatad  fiber 

In  this  section,  we  clarify  the 
requirements  for  a  coated  fiber  and  the 
fiber  count  in  a  ribbon. 

6.1,  .RaauiraaMta  &a»  to  cable 
atruetuf 

Based  on  the  above  cable  design,  we 
studied  the  requirements  for  coated  optical 
fiber. 

Using  figure  16,  unit  height  a  and  unit 
width  b  are  calculated  with  eq.ll  and  eq.l2 
respectively . 

a»Ut+Sc(2Tt+Fd) +c  (11) 

b=2Ut+c+(FdxFn)  (12) 

Where  unit  wall  thickness  is  ’Jt»  th" 
clearance  to  facilitate  manufacture  is  c. 

Sc  is  the  number  of  stacked  ribbons  In  a 
unit,  Tt  is  ribbon  coating  thickness,  Fd 
is  '  .*ted  fiber  diameter  and  Fn  is  fiber 
count  in  a  ribbon. 

Using  equations  1,2,11  and  12,  we 
calculate  the  conditions  required  to  make  a 
cable  with  a  diameter  of  less  than  35mm 
including  a  sheath  2.5mm  thick,  with  the 
same  clearance  value  as  with  conventional 
cable.  Figure  17  shows  the  relationship 
between  fiber  count  in  a  ribbon  and  coated 
fiber  diameter  with  the  stacked  ribbon 
count  as  a  parameter.  When  the  fiber  count 
is  high,  the  coated  fiber  diameter  quickly 
approaches  a  given  value.  Those  calculated 
lines  have  ripples,  because  fiber  count  is 
a  discrete  value.  This  indicates  that 
increasing  the  fiber  count  in  a  ribbon  is 
not  very  efficient  for  increasing  fiber 
coating  diameter.  It  is  difficult  to 
manufacture  small  diameter  coated  fiber. 
Therefore,  increasing  fiber  diameter  is  of 
little  advantage  in  cable  manufacture. 
Increasing  the  stacked  ribbon  count  is  more 
effective. 


dr=d (n/2-0 .5) 


Figure  15  Strain  due  to  ribbon  bending 


Figure  16  Ribbon  fiber  and  unit  size 


Figure  17  Relationship  between  fiber  count 
in  a  ribbon  and  coated  fiber  diameter 
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_ Manufacturing _ requiramanta 

It  is  difficult  to  make  thin  fiber 
coating  without  damaging  effects  to  the 
fibers.  We  think  that  lOum  is  lower  limit 
for  the  coating  thickness  of  the  soft 
layer.  We  also  think  that  2-layer 
coating (soft  and  hard  layers)  is  required 
to  avoid  a  loss  increase  due  to 
microbending.  With  present  manufacturing 
accuracy,  the  lower  limit  for  the  nard 
layer  thickness  is  5(im.  This  gives  a 
minimum  coated  fiber  diam.eter  of  ISSlim. 

6.3  Coatad  fiber  diameter  daaion 

Based  on  the  discussion  in  6.1,  6.2  and 
5.4,  we  are  able  to  determine  the  coated 
ficer  diameter.  Figure  18  shows  the 
conditions  required  to  realize  high  count 
and  high  density  cables.  The  hatched  area 
in  figure  18,  shows  appropriate  design 
parameters  for  coated  fiber  diameter  and 
fiber  count  in  ,a  ribbon. 

We  have  been  attempting  to  fabricate  thin 
coated  fibers  and  ribbons  to  satisfy  these 
conditions . 

Recently,  we  obtain  some  informations  on 
a  manufactured  thin  coated  fiber. 

(1)  It  is  possible  to  manufacture  thin 
coated  fibers  with  an  outer  diameter  of 
more  than  155nm. 

(2)  These  fibers  have  no  major  problems 
apart  from  fiber  strength.  The  fiber 
failure  probability  of  these  thin  coated 
fibers  is  little  higher  than  that  of 
conventional  fibers.  The  reasons  for  this 
are  now  being  studied. 

Our  studies  aimed  at  realizing  high-count 
and  high-density  cables  are  continuing. 


li  24  1 1  1 1 1  i-i  r  I  1 1 1  rt^*!  i  1 1 1 1 1 1  1 1 1 1 1  m  |  1 1'  i  r 


Coated  Fiber  Diameter  (Jim) 


Figure  18  Optimization  Of  Optical 
Fiber  and  Ribbon 


We  began  to  study  on  high-count  and  high- 
density  cables  in  order  to  construct 
optical  subscriber  cable  networks  for 
FTTH(0FL21) . 

We  clarified  the  cable  size  requirements 
for  this  type  of  cable. 

(1)  Cable  diameter  is  less  than  35ram. 

(2)  Cable  weight  is  less  than  1.06kg/m. 

We  proposed  a  new  cable  design  called  U- 
groove  unit  cable.  We  calculated  and 
studied  the  fiber  strains  caused  by  the 
cable  structure.  Through  these 
investigation,  it  is  clarified  that  the 
fiber  strain  is  sufficiently  low  enough  to 
ensure  long-term  reliability. 

We  also  discussed  the  requirements  for 
coated  fiber  diameter  and  fiber  count  in  a 
ribbon,  and  have  described  appropriate 
optimization  conditions. 

Figure  IS  shows  a  new  cable  structure, 
based  cn  the  above  conclusions.  The  U- 
groove  unit  consists  of  ter.  fiber  ribbons 
which  include  16  coated  fibers.  The  outer 
diameter  of  the  coated  fiber  is  160  (im. 

The  inner  layer  has  10  units,  and  the  outer 
layer  has  15  units. 

We  are  continuing  to  study  this  cable  in 
order  to  achieve  on  all  opt-cal  fiber 
subscriber  .network. 


0-groov*  unit 


35  mm' 


Figure  19  New  4000-Fiber  Cable  ;=tfuctuie 
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ABSTRACT 

A  slotted  core  ribbon  cable  system  is  introduced 
which  addresses  both  gas  pressurized  and  water 
blocked  cable  designs.  ’ 

Designed  to  alert  the  user  in  the  event  of  cable 
jacket  damage,  the  former  design  employs  the 
new  "mini  slots"  approach  allowing  the  free 
flow  of  air  without  sacrificing  the  cable  size. 

Both  cable  designs  are  based  on  a  0.05%  maxi¬ 
mum  cabling  construction  strain  enhancing  the 
mechanical  and  environmental  performance  in 
the  temperature  range  of  -30  °C  to  +60  °C.  The 
average  attenuation  increase  in  this  range  is  0.04 
dB/km  at  1550  nm. 

INTRODUCTION 

The  general  need  for  compact  high  fiber  count 
cables  is  leading  to  a  widespread  interest  in  opti¬ 
cal  fiber  ribbon  technology.  ^  In  slotted  core  rib¬ 
bon  cables,  for  example,  four  or  eight  fibers  are 
encapsulated  in  a  UV  resin  providing  efficient 
positioning  in  the  slots  and  a  corresponding  high 
packing  density  of  fibers.  However,  it  should  be 
noted  that,  at  room  temperature,  these  ribbons 
are  often  under  strain  in  contrast  to  loose  tube 
cables  and  thus  need  to  be  handled  accordingly. 

Failure  of  cable  sheaths  caused  by  fatigue,  ro¬ 
dents  or  other  methods  can  cause  damage  to  the 
cable  components  due  to  the  penetration  of 
water  through  the  sheath.  Avoiding  this  occur¬ 
rence  can  be  realized  through  gas  pressurized 
and  water  blocked  slotted  core  ribbon  cables. 
Ribbon  manufacturing,  core  extrusion  processes, 
ribbon  laying,  stranding  and  jacketing  all  play 
their  role  in  determining  which  design  approach 
to  consider. 


The  following  theoretical  calculations  incorpo¬ 
rate  various  assumptions  to  simplify  the  design 
approach  and  promote  a  general  understanding 
of  the  slotted  core  ribbon  cable  design  theory. 
Although,  to  a  certain  extent,  theory  has  been 
backed  up  by  actual  testing,  certain  critical  as¬ 
sumptions,  such  as  negligible  frictional  coeffi¬ 
cients  between  ribbons,  linearity  of  thermal  ex¬ 
pansion  coefficients  and  moduli  within  the  oper¬ 
ating  temperature  range  need  to  be  considered. 

The  current  slotted  core  ribbon  family  of  cables 
encompasses  single  and  multi-element  designs 
ranging  from  8-fiber  cables  to  1000-fiber  cables, 
both  in  the  gas  pressurized  and  water  blocked 
cable  versions.  However,  due  to  the  amount  of 
available  information  and  the  complexity  (but 
similarity)  of  the  designs,  only  the  gas  flow  per¬ 
formance  of  the  80-fiber  gas  pressurized  cable 
and  the  cable  design  of  the  100-fiber  water 
blocked  cable  are  presented  at  this  time. 

DESIGN  CHARACTERISTICS 
Mini  slots 

For  the  gas  pressurized  80-fiber  cable  in  Fig  1., 
five  master  slots  and  five  "mini  slots "  constitute 
the  core.  The  "mini  slots"  have  a  triple  function: 
1)  They  permit  the  flow  of  inert  gas,  thereby  re¬ 
ducing  the  flow  resistance,  2)  they  provide  uni¬ 
form  cooling  of  the  extrudate  by  reducing  the 
volume  of  the  crown  material,  and  3)  they  allow 
for  a  reduction  in  cable  size. 

For  an  additional  master  slot  (e.g.  1.6  mm  x  2.5 
mm),  the  gained  volume  is  roughly  4L  mm^  (L  = 
length),  whereas  the  introduction  of  five  equilat¬ 
eral  "mini  slots  "  of  1.5  mm  sides  produces  almost 
5L  mm^  of  free  volume  thereby  either  eliminating 
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the  need  of  an  empty  master  slot  (resulting  in  a 
reduction  of  cable  size)  or  maintaining  the  same 
cable  size  for  a  higher  fiber  count  efficiency. 


60-Fiber  Gas  Pressurized 
Singie  Element  Slotted  Core 
Ribbon  Cable 


80-Fiber  Gas  Pressurized 
Single  Element  Slotted  Core 
Ribbon  Cable 


Laminated  Flat 
Aluminum  Tape 

Mini  Slot 


Steel  Wire 
Rope 

Optical  Fiber 
Ribbon 


Fig.  1:  Comparison  of  same  diameter  gas  pres¬ 
surized  slotted  core  ribbon  cable  with 
and  without  mini  slots 


Gas  flow  resistance 

The  gas  flow  resistance  is  strictly  a  function  of 
the  cable  design  and  processing  parameters.  A 
cable  with  few  small  air  channels  and  tight 
sheath  will  possess  a  much  higher  flow  resis¬ 
tance  than  a  cable  with  stranded  elements,  since 
stranded  elements  have  inner  and  outer  inter¬ 
stices  facilitating  the  flow  of  air  throughout  the 
cable  length  (Fig.  2). 


600-Fibor  Gas  Pressurized 
Multi-Element  Slotted  Core 
Ribbon  Cable 


Steel  Wire 
Rope 

Slotted  Core 
Element 


Cu  Pair 

Laminated  Flat 
Aluminum  Tape 


PE  Jacket 


Fig.  2;  600  Fiber  gas  pressurized  multi  element 

slotted  core  ribbon  cable 

The  resistance  of  the  air  R  =  ^  ~  (1) 

2LSoPo 


where  Pi=  feed  pressure  (absolute) 

P2=  outlet  pressure  (absolute)  after  a  leak 
is  detected  and  the  output  pressure  is 
stabilized. 

L  =  cable  length. 

flow  rate  of  leak. 

P„=  atmospheric  pressure 


can  be  shown  to  vary  from  about  27  MPa-s-m  '* 
for  the  80-fiber  single  core  design  to  about  7 
MPa-s-m  '*  for  the  600-fiber  multi-core  design 
using  the  setup  in  Fig.  3 
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Pribbon  ~  T  (2) 

2  2k^D 

where  D'=  pitch  circle  diameter  for  each 
ribbon 

P  =  slot  pitch,  chosen  for  opti¬ 
mized  mechanical  and  envi¬ 
ronmental  performance 


where  M,,  M2  =  precision  pressure  gauges  (ab¬ 
solute  pressure) 

H|,  H2,  =  cutoff  valves 
FM  =  flow  meter 

PR  =  pressure  reducer 

N,  =  Nitrogen  or  dry  air  supply 

Fig.  3:  System  for  measurement  of  gas  flow  re¬ 
sistance 

Constructional  strains. 

Fiber  strains  are  very  important  to  understand 
since  they  predict  the  cable's  performance  over 
its  service  life.  For  slotted  core  ribbon  cable  de¬ 
signs,  the  constructional  strains  of  ribbons  are 
defined  as  pure  bending,  pure  torsion,  fiber 
length  differential  within  the  ribbon  and  tensile 
strain  effects  during  ribbon  laying. 

1.  As  for  pure  bending,  this  is  related  to  the 
bending  of  the  ribbons  around  the  central 
member  and  is  directly  related  to  the  bend 
radius  p  of  each  ribbon  (Fig.  4). 


Fig.  4:  Identifying  pitch  circle  diameter 

for  calculating  ribbon  bend  radii 


The  bending  strain  e  =  (3) 

2p 

where  df  is  the  glass  diameter,  can  then  be 
calculated. 

2.  Pure  torsion  is  not  due  to  a  tensile  load  but 
to  the  effect  of  fixing  one  ribbon  end  while 
twisting  the  other,  such  as  in  paying  off 
into  the  slot.  Accordingly,  shearing  takes 
place  so  that  neither  the  tensile  stress  nor 
the  tensile  modulus  plays  a  role,  but  the 
shear  stress  t  and  the  shear  modulus  G. 
For  a  linearly  elastic  material,  the  shear 
stresses  are  related  to  the  shear  strains  by 
Hooke's  law  ’*  in  shear,  i.e. 

T  =  G*^.p  (4) 

where  P  =  twisting  angle 
~  27t/P 

and  G  for  fiber  is  in  the  range  of  29,700 
MPa,  equivalent  to  4300  Kpsi. 

3.  The  length  differential  in  a  ribbon  is  a 
function  of  twist.  As  the  ribbon  is  twisted, 
the  fibers  in  the  center  of  the  ribbon  are 
compressed  while  those  on  the  outside  are 
in  tension.  For  a  4-fiber  ribbon,  the  dis¬ 
tances  are  r^  and  r2,  where  r,  is  the  dis¬ 
tance  from  the  center  of  the  ribbon  to  the 
center  of  the  innermost  (adjacent)  fiber 
and  r2  is  the  distance  from  the  center  of  the 

ribbon  to  the  center  of  the  outermost  fiber 
(Fig.  5) 
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Fig.  5:  Calculating  length  differential  in  a 
4-fiber  ribbon 

The  strain  e  =  ^  can  be  represented  by  27tV 
1  p2 

Therefore  Ae  =  (5) 

The  tensile  strain  during  ribbon  laying  is  a 
function  of  several  variables  and  depends 
entirely  on  the  processing  approach.  At 
any  rate,  the  slotted  rod  back  tension,  the 
varying  tension  of  the  ribbons  (from  top  to 
bottom)  and  the  final  takeup  tension  dic¬ 
tate  the  amount  of  residual  tensile  strain  in 
the  ribbons  (Fig.  6). 


iff  Capstan  Ribtxins  Pulling  capstan  Takeup 


Fig.  6:  Ribbon  laying  process 

Performing  several  simple  but  careful 
mathematical  calculations,  the  theoretical 
tensile  strain  (e)  on  each  ribbon  can  be  cal¬ 
culated: 

e  =  F/EA  (6) 

where  F  =  tension 

E  =  modulus,  and 
A=  cross-sectional  area. 


According  to  principal  stresses  theories  ^ 
(e.g.  Mohr's  circle),  the  total  principal 
stress  (tensile  a  and  shear  x)  in  such  a 
system  can  be  simplified  to: 

a,oui  =  ^  +  [(®-f  +  4  (7) 

Converting  the  bending  strains  (3),  length 
differential  strains  (5)  and  back  tension 
strains  (6)  into  stresses  o  using 

0  =  eE  ,  (8) 

where  E  =  glass  modulus  =  75000  MPa, 
equation  (7)  can  be  used  to  calculate  the 
total  constructional  strains  in  the  cable.  It 
is  important  to  note  that  the  constructional 
strains  differ  for  each  ribbon  depending  on 
its  position,  necessitating  a  variation  in 
payoff  tensions  between  the  top  and  bot¬ 
tom  ribbons. 

Another  major  consideration  to  the  cable 
design  is  the  contraction  and  expansion  of 
the  cable  components  between  the  speci¬ 
fied  lower  and  upper  temperature  ranges, 
i.e.  the  contraction  of  the  cable  at  the  low¬ 
est  extreme  is  used  to  calculate  the  move¬ 
ment  of  the  ribbons  in  the  slots  and  thus  is 
an  effective  method  of  determining  the  re¬ 
quired  slot  depth. 

Since  the  contraction  of  the  cable  due  to 
temperature  is  much  higher  than  that  of 
the  ribbon,  the  final  effective  strain  e^.ff  is 
the  difference  between  cable  contraction 
and  ribbon  contraction,  i.e. 

^final  “  ^“eff  ^^^cable  ‘  (“eff  ^^^ribbons 
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where  =  effective  thermal  expansion 
coefficient 

n 

_  _ 

n 

X  a,e, 

1  =  1 

and  = 

For  example,  for  the  lOOF  water  blocked 
cable  design  in  Fig.  7,  it  can  be  shown  that 
an  of  0.06%  (contraction)  at  -30  °C 
can  be  expected.  Furthermore,  subtracting 
the  initial  ribbon  strain  (6)  actually  gives  us 
-0.05%  ribbon  excess  length  at  that  tem¬ 
perature,  i.e.  free  movement.  Using  this  in¬ 
formation,  the  upward  movement  of  the 
ribbons  in  the  slots  at  -30  °C  can  be  deter¬ 
mined  (Cnbhm  ^  providing  the  cable  de¬ 
signer  with  a  starting  point  to  the  required 
slot  dimensions. 


100-Fiber  Water  Blocked 
Single  Element  Slotted  Core 
Ribbon  Cable 


Fig.  7:  100-fiber  water  blocked  single  ele¬ 
ment  slotted  core  ribbon  cable 


Mechanical  and  Environmental  Performance 

Several  mechanical  and  environmental  require¬ 
ments  have  to  be  met  to  insure  the  service  life  of 
such  cables.  These  include  crush,  impact,  bend, 
water  penetration  performance  (or  gas  flow  re¬ 
sistance)  and  temperature  characterization  tests. 
All  test  results  are  within  0.04  dB/km  average  at¬ 
tenuation  change  at  the  1550  nm  wavelength. 
The  results  of  these  tests  are  presented  in  Fig.  8. 


ocoocoooc'” 


Anenuation  Increase  (  dB  ) 
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Fig.  8;  Typical,  mechanical  and  environmental 
pertormance  of  100-fiber  single  element 
water  blocked  slotted  core  ribbon  cables 

CONCLUSION 

The  intention  of  this  paper  is  to  provide  an  un¬ 
derstanding  of  the  basics  of  slotted  core  ribbon 
cable  design  theor\‘  without  emphasis  on  the  his- 
tor\’  of  these  cables.  It  also  assumes  prior  know¬ 
ledge  of  the  ribbon  technology. 

To  simplity  the  design  approach,  certain  practi¬ 
cal  assumptions  have  to  be  considered.  Once  a 
model  has  been  established,  actual  trials  are 
made  to  optimize  the  designs, 
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OPTICAL  CABLE  FOR  LOW  COST  SUBSCRIBER  LOOP. 
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1.  ABSTRACT 

This  paper-  describes  the  successful  development  of 
a  radically  new  design  of  ultralightweight  optical 
cables  offering  novel  performance  and  econoTtrical 
features  in  view  of  low  cost  implementation  of 
subscriber  loop  networks. 

Based  on  a  global  techno-economical  analysis,  this 
novel  "microsheath"  ,  concept  yields  extremely 
compact  medium  fibre  count  cables,  with,  for 
example,  an  outer  diameter  and  weight  of  only 
6.2  mm  and  34  kg/km  in  the  case  of  a  35  fibre 
cable. 

Testing  results  of  prototypes  are  discussed,  which 
show  a  performance  level  meeting  the  expected 
functional  needs.  Associated  simple,  space  saving 
and  low  cost  splices  and  closures  are  also 
presented. 


2.  INTRODUCTION 


It  is  becoming  more  and  more  obvious  that  the 
introduction  and  full  scale  implementation  of 
subscriber  loop  networks  require  the  development  of 
novel  cable  designs  enabling  a  significant  decrease 
in  cable  and  installation  costs,  rather  than  mere 
evolutions  of  existing  long  haul  dedicated  cable 
structures  and  installation  practices. 

Indeed,  prospective  cost  evaluations  show  that  the 
building  of  the  passive  infrastructure  (civil 
works,  cables,  laying,  splicing  and  closures)  has  a 
major  impact  on  the  network  global  cost.  This 
depends  notably  on  assumptions  made  regarding 
network  architecture  and  on  the  resulting  cable 
family. 

Recent  works  regarding  network  configurations  met 
in  Europe  tend  to  suggest  that  the  passive 
infrastructure  will  probably  call  for  cables  with 
low  or  medium  (some  tens)  rather  than  high  (several 
hundreds)  single  mode  fibre  counts^-  2  3, 


The  main  reasons  are  : 

.  the  relatively  low  density  of  business  customers 
who  will  require  interactive  services  justifying 
a  ful  star  topology, 

.  the  possibilities  of  sharing  the  fibre  between 
several  residential  subscribers  for  providing 
mainly  distributive  services,  at  least  during  the 
introduction  phase. 


Even  in  the  case  of  star  networks,  the  range^.ipf 
cable  fibre  counts  may  be  limited.  As  an  example, 
the  experience  of  a  large  scale  installation  of  a 
fibre  distribution  network  in  FRANCE^  indicates 
the  following  typical  data  ; 

.  average  cable  fibre  count  about  20  fibres 
.  maximum  cable  fibre  count  :  150  fibres 
.  average  link  length  between  distribution  center 
and  drop  terminal  :  400  m,  with,  usually  1  or  2 
intermediary  splices. 


Considering  the  above  framework,  we  have  developed 
a  radically  new  medium  fibre  count  cable  design 
philosophy,  depicted  as  the  "MICROSHEATH"  concept, 
which  will  be  described  hereunder  together  with  the 
main  testing  results  obtained  and  associated 
jointing  equipments. 


3.  TECHNO/ECONOMICAL  OBJECTIVES 

Present  state  of  the  art^  of  medium  fibre  count 
cables  essentially  stems  from  technological 
developments  carried  out  in  the  framework  of  long 
haul  or  interoffice  networks  requiring  "high  grade" 
transmission  medium,  originally  on  multimode,  then 
on  singlemode  fibres.  To  this  end,  special  care  was 
applied  to  cable  designing  in  order  to  achieve  high 
transmission,  mechanical  and  environmental 
performance  while  keeping  the  fibres  free  from  any 
strain. 

This  entailed  lA'lng  space  consuming  and  costly 
design  features  such  as  large  fibre  excess  length, 
clearance  between  fibres  and  surrounding  layers  and 
large  size  strength  members. 
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Table  1  shows  typical  examples  of  present  medium 
fibre  count  cable  structures  based  on  such 
principles'*  ®  , 


Fibre  count 

Diameter,!  Weight, 

T 

( 

Packing 

and  type  of  design 

mm 

kg/km 

1 

density*! 

[  30  OF  j 

18 

1  230 

1 

1 

0.12  1 

slotted  core 
( 1  OF  per  slot) 

1 

1 

1 

36  OF 

1 

1 

loose  tube  or 
slotted  corelseve.'- 

14 

1 

1  130 

1 

1 

1 

( 

0.23  1 

ral  OF  per  slot) 

1 

1 

1 

1 

40  OF 

4  fibre  ribbon/ 

12 

1  115 

1 

1 

1 

0.35  1 

slotted  core 

1 

1 

1 

1 

24  OF 
bundle/ 

10 

1  90 

1 

0.31  1 

single  core  tube 

1 

J_ 

*  Packing  density  :  number  of  fibres  per  sq.mm 


Table  1 


Now,  local  loop  applications  on  single  mode  fibres 
present  network  planners  and  cable  manufacturers 
with  a  totally  new  challenge,  combining  : 

.  transmission  requirements  (power  budget)  less 
ambitious  than  for  long  haul  networks, 

.  specific  topological  and  environmental 
constraints  :  relatively  short  and  irregular  link 
lengths,  congested  civil  works  in  urban  areas, 
etc. . . , 

.  above  all,  low  cost  objectives. 

To  meet  the  cost  objectives,  it  is  necessary  to 
reason  on  a  global  basis,  in  order  to  combine  : 

.  a  low  manufacturing  cost,  resulting  from  small 
volumes  of  low  cost  materials  and  from  simple, 
efficient  and  reliable  processes, 

.  a  low  installation  cost,  including  civil  works 
and  cable  laying,  handling  and  Jointing. 


To  this  end,  it  appears  essential  to  achieve  very 
high  packing  density  and  lightness  features.  This 
means  reducing  to  a  minimum  the  fibre  excess  length 
and  clearance,  which  leads  to  a  significant 
breakthrough  in  theoretical  and  practical  cable 
design. 


However,  the  performance  of  the  cable  must  be  kept 
at  a  level  compatible  with  the  requirements  of 
local  loop  network  applications.  In  particular,  to 
avoid  detrimental  macro/mlcrobendlng  losses  and 
strains  on  the  fibres,  it  is  then  necessary  that 
the  cable  structure  offers  : 


.  negligible  temperature  elongation  over  the 
functional  range, 

.  high  enough  tensile  modulus  to  ensure  a  limited 
strain  on  the  fibres  during  installation. 

.  high  resistance  to  longitudinal  and  radial 
compression, 

.  long  term  stability. 

Furthermore,  to  enable  easy  fibre  Identification, 
organisation  and  splicing  at  the  distribution 
points,  it  is  necessary  to  group  the  fibres  into 
modules  of  minimum  dimensions. 


4.  CABLE  DESIGN 

According  to  the  above  principles,  the  proposed 
cable  design  is  based  on  the  achievement  of 
ultralightweight  and  extreme  packing  density 
features  in  a  modular  construction,  in  order  to 
optimize  the  trade-off  performance/cost. 

It  results  in  a  fully  dielectric  cable  containing 
for  example  as  many  as  35  singlemode  fibres,  having 
an  outer  diameter  of  only  6.2  mm,  weighing  only 
34  kg/km  while  retaining  transmission,  mechanical 
and  environmental  performance  meeting  the 
functional  requirements  of  subscriber  loop 
applications  ;  see  figures  1  and  2. 

Compared  with  some  of  the  cables  in  table  1,  this 
novel  design  concept  yields  cable  size  reduced  by 
half  and  a  fourfold  packing  density  of  about 
1.2  fibre/sq.mm. 


Fig.  1  t  35  OF  microsheath  cable 
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The  cable  construction  is  based  on  the  combination 
of  ; 

-  fibre  modules  in  whjru  the  fibre  bundle 
(containing  typically  4  t„  a  SZ  stranded  fibres) 
ip  held  without  significant  geometrical  clearance 
by  very  thin  synthetic  coloured  "mlcroaheath" 

whirh  : 

.  <n;iblea  easy  module  identification, 

.  ensures  the  proper  cohesion  of  the  module 
during  cable  manufacture  and  handling  in  the 
field. 

.  ill  easily  removable  for  splice  preparation, 

-  a  protection  "microsheath"  surrounding  without 
significant  geometrical  clearance  the  packing  of 
fibre  modules  and  associating  : 

.  a  thin  specialty  polymer  reinforcing  layer 
acting  as  a  shell  yielding  high  tensile  modulus 
and  crush  resistance  together  with  negligible 
temperature  elongation  and  relaxation,  __ 

.  a  synthetic  outer  layer  giving  the  flexibility 
and  low  friction  characteristics  required  for 
installation  in  ducts. 


The  choices  regarding  materials,  dlmenalons  and 
manufacturing  procesaet  ensure,  in  spite  of  tt.e 
ultracompact  design,  a  stress  free  state  of  the 
fibies  over  a  wide  range  of  mechanical  trd 
environmental  conditions. 


In  particular,  the  material  and  thicknea#  of  the 
mlcroaheath  covering  the  fibre  bundles  are  chosen 
so  as  its  contribution  to  the  combined  product 
tensile  moduli  x  cross  sections  of  the  uarlous 
components  of  the  fibre  module  (silica  »  primary 
coatings  +  mlcrosheath)  is  only  a  few  percent.  As, 
In  addition,  its  application  prevents  the 
possibility  of  fibre  buckling,  the  mlcrosheath  thus 
does  not  present  any  risk  of  applying  significant 
strain  on  the  fibres. 


In  this  respect,  the  microsheath  concept 
fundamentally  differs  from  the  traditional  loose 
tube  buffer  construction. 


1 


2 


3 


4 


As  regards  the  cable  protection  layer,  use  of 
emerging  new  families  of  polymer  materials  offering 
high  tensile  modulus,  very  low  temperfiture 
elongation  coefficient  and  negligible  relaxation 
features,  such  as  LCP,  enables  to  achieve  simply 
yet  economically  a  protective  microsheath  yielding 
the  desirable  characteristics. 


The  small  amounts  of  materials  resulting  from  the 
compact  design  as  well  as  the  production 
conditions,  combine  towards  low  cable  realization 
costs. 


The  manufacturing,  based  on  well  proven  SZ  cabling 
and  extrusion  processes,  is  characterized  by  the 
minimum  number  of  operations  and  potentially  high 
speeds  and  long  cable  lengths,  owing  to  ; 

.  the  small  size  and  compactness  of  the  mlcrosheath 
fibre  modules  and  cable, 

.  the  advantage  of  not  having  fibre  excess  length 
and  clearance  to  be  precisely  controlled. 


1-  Color  coded  optical  fibre 

2-  Color  coded  mlcrosheath 

3-  Self  reinforcing  reain 

4-  Black  HDPE  outer  sheath 

Diameter  :  6.2  mm 

Weight  :  34  kg/km 

Fig.  2  :  Cross-section  of  35  OF  mlcrosheath  cable 


Furthermore  the  process  lends  itself  to  the 
Integration  of  manufacturing  operations,  such  as  : 

.  fibre  drawing  and  mlcrosheath  module  realization 
in  a  .Multlpulllng  and  Cabling  in  Line  process 
(MCL)** 

.  on  line  tranrmisslon  measurements  (back- 
scattering)  with  the  use  of  static  take-up 
stands. 


Equally  decisive  are  the  consequences  implied  by 
this  new  ultralightweight  and  miniaturized  cable 
design  on  installation  costs,  especially 
regarding  : 

.  civil  works  :  optimized  use  of  existing  congested 
ducting  or  of  new  underground  facilities,  or  even 
aerial  installation, 

.  speeding  up  and  simplification  of  cable  laying 
operations. 
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5.  CABLE  TESTING 


To  llu'  pert ormaiico  of  thiis  new  cnl.le  (ienip.ii, 

a  detai  led  testlnp.  propramme  tins  been  carried  out 
on  nevei-al  cable  prototypen  contfiininp,  3b  fibres 
(see  I  i  pares  1  and  B)  or  bO  fibres  (outer 
'll amet.e!'  :  7  inm  -  weight  :  At)  kp./km).  Vnriotts  types 
of  ;;inj',le  mode  fitires,  bavlnp,  tlifferent  Index 
prof i  ler  (Ml'  and  PC)  and  mode  fielii  ditimetern  (nee 
Appendix  1),  have  been  used  in  oriier  to  nccount  for 
pott.’iit i  a  1  ly  ^  dift'erent  maero/m i t'ro  bendinp 
sens  i  t  i  V  i  t,  lea  . 


The  main  test  rt.'Sulir.  on  :Vj  fibres  count  cable  are 
dest'riiied  below  : 


b . 1 .  Transmission  performance 

Appendix  2  shows  the  attenuation  distribution  at 
room  temperature  obtained  on  the  completed  cable.  A 
comparison  with  the  distribution  measured  on  the 
fibres  before  cablinp,  demonstrates  that  the  cabling 
process  docs  not  significantly  modify  the  fibre 
characteristics. 

Appendix  3  shows  typical  results  of  temperature 
cycling  test  (according  to  lEC  79A-1  method  FI) 
over  the  range  -30'^C  to  +60°C  at  1550  nra.  According 
to  theory,  results  depend  notably  on  fibre  design. 
The  cable  shows  a  satisfying  behaviour  down  to 
-10“C  witli  all  fibre  types,  which  is  probably 
adequate  to  the  functional  needs  of  most  local  loop 
applications  in  temperate  climates,  and  down  to 
-30'’C  with  some  typos  of  fibres. 


5.2.  Tensile  peri'ormance 


During  tests  according  to  lEC  794-1  method  El”  no 
significant  change  in  attenuation,  both  at  1300  and 
1550  nm,  was  noted  with  all  types  of  fibres  up  to  a 
tensile  strength  of  100  daN.  Furthermore,  no 
residual  cable  elongation  was  measured  after  the 
te.s  t . 

This  result  has  to  be  assessed  in  relation  with 
functional  needs  regarding  the  pulling  force  during 
cable  laying,  which,  in  the  case  of  horitontal 
straigiit  ducting,  is  given  by  : 

T  kWL 

where  W  is  the  cable  weight  per  unit  length,  L  Is 
the  laying  length  and  k  is  the  friction  coefficient 
in  the  cluct 

The  ratio  T/W  obtained,  in  the  order  of  3,  fuliy 
compares  with  characteristics  of  more  traditional 
cable  designs,  and  indicates  an  equivalent  laying 
ah  1 1 i ty . 

In  fact,  real  scale  laying  experiments  in  existing 
cable  plants  have  demonstrated  that,  for  example, 
50  fibre  cable  lengths  of  more  than  500  m  can  be 
pulled  into  contorted  ducting  routes  with  a  pulling 
force  not  exceeding  20  daN. 


' * . 3 ,  Other  mechanical  tests 

No  change  In  aidenuatlon,  both  at  1300  and  lbf>0  nm, 
w.ui  measured  during  testing  the  cable  : 

-  under  compression  strain  up  to  kO  daH/cm, 

-  under  repeated  bending  with  radius  under  100  mm. 


These  values  comply  witli  ttiose  generally  considered 
for  cables  Installed  in  ducts. 


b . 4 .  Long,  te rm  i;l::ibiiity 

Long  duration  ageing  tests,  performed  over  1  year 
In  the  following  conditiens  ; 

-  dry  heat,  at  100“C, 

-  damp  heat  at  AC’C  -  93  %  KH, 

-  immersion  at  TO^C  in  silicone  based  filling 
compound 

have  not  resulted  in  any  decrease  of  mechanical 
properties  nor  in  relaxation  effects,  which  proves 
the  long  term  stability  of  the  cable  structure. 


6.  SPLICES  AND  CLOSURES 


To  enhance  the  global  cost  optimization,  associated 
simple,  space  saving  and  low  cost  splices  and 
closures  have  also  been  developed. 


A  preliminary  techno-economical  analysis  has  been 
carried  out  regarding  the  various  manpower  and 
equipment  costs  involved,  on  the  basis  of  current 
experience  of  site  installations  with  traditional 
cables  and  jointing  techniques. 

For  instance,  the  typical  breakdown  of  time  spent 
on  site  for  medium  fibre  count  cable  splicing  in 
urban  conditions  indicates  that  only  about  a 
quarter  of  the  manpower  cost  is  devoted  to  actually 
splicing  the  fibres  while  the  rest  is  shared 

between  site  organisation,  cable  and  clo^r;e- - 

handling,  measurements,  supervision  and  transport. 


This  analysis  and  user's  advice  have  led  to  focus 
the  development  work  on  the  following  main 
objectives  : 

.  simplicity  and  ease  of  operation,  easy  training, 

.  simplicity,  reliability  and  ease  of  maintenance 
of  tool  kits  and  splicing  apparatus 
.  reliability  and  stability  of  results  (splice 
loss ) 

.  small  dimensions,  modularity  and  low  cost  of 
materials  and  equipments, 

.  synergy  with  the  novel  cable  design,  which  was 
confirmed  to  bring  significant  advantage 
regarding  cable/modulea  handling  and  preparation 
os  well  as  fibre  identification. 


Within  this  framework,  the  following  equipments 
have  been  developed  : 
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6.1.  Splice 


7.  CONCLUSION 


The  well  known  ATI  Placoptic  System  (based  on 
bonding  with  UV  curable  adhesive)  has  been  adapted 
to  the  splicing  of  microsheath  single  mode  fibre 
nodules,  by  combining  : 

.  mass  operations  for  fibres  preparation  and 
p repos i tionning 

.  individual  alignment  of  the  fibres  on  a  common 
holder, 

.  mass  operations  for  adhesive  curing  and 
multifibre  splice  protection. 

Splice  overall  dimensions  (for  6  fibres)  are 
12.5  X  55  X  3.5  mm . 

According  to  the  measurement  programme  underway, 
the  average  splice  loss  is  about  0.3  dB  and  maximum 
0.4  dB. 

6.2.  Closure 

Shown  on  fig.  3,  this  very  compact  and  lightweight 
closure  (overall  dimensions  for  50  fibre  count  : 
170  X  170  X  360  mm)  is  based  on  a  frame/organizer 
fulfilling  the  following  purposes  ; 

-  clamping  of  the  cables, 

-  management  (distribution,  guiding  and 
identification)  of  the  microsheath  fibre  modules, 

-  housing  of  simplified  cassettes  made  of  2  plastic 
hinged  parts,  each  accomodating  a  multifibre 
splice  and  the  necessary  reserve  loops  of 
nicrosheath  modules  and  fibres, 

-  holding  of  the  cassette  during  splicing  operation 
and  loops  arrangement. 

This  organizer  is  then  protected  by  a  watertight 
metallic  or  plastic  cover. 


An  in-depth  analysis  of  modularity,  compactness, 
lightness  and  cost  objectives  has  led  to  the 
development  of  a  new  design  of  ultralightweight 
"microsheath"  medium  fibre  count  cables.  The 
converging  technological  and  economical  progress 
brought  by  this  novel  cable  technique  constitute  a 
significant  step  towards  the  lew  cost  introduction, 
implementation  and  upgradability  of  subscriber 
optical  networks. 
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ABSTRACT 

This  paper  presents  several  types  of  design  for  cable 
to  be  used  in  harsh  environments. 

Different  possibilities  are  reviewed  and  examples  of 
practical  realizations  are  given. 

INTRODUCTION 

Environmental  conditions  for  optical  fiber  cables 
used  for  Telecommunications  may  substantially  differ 
depending  on  climatic  and  installation  conditions. 
Optical  cables  can  now  be  used  in  some  areas  where 
environmental  conditions  are  especially  difficult. 

In  particular,  for  very  cold  areas,  cables  must 
withstand  harsh  environments  :  for  buried  cables, 
installation  must  be  done  in  permafrost  and  for  aerial 
cables  heavy  ice  and  wind  loading  are  often 
encountered. 

In  both  cases  a  specific  design  is  needed  with 
improved  tensile  characteristics  and  reinforced 
protections.  This  paper  presents  design 

considerations  for  optical  cables  in  harsh 
environments  and,  as  an  example,  some  specific 
designs  of  cables  adapted  to  these  conditions.  Both 
aerial  installation  and  burial  are  considered. 

AERIAL  CABLES 

Although  they  are  known  to  present  a  reliability  and 
a  lifetime  less  attractive  than  duct  or  direct  buried 
cables  and  therefore  a  higher  maintenance  cost  they 
show  a  practical  and  an  economical  interest, 
specially  for  laying  and  jointing.  These  cables  have  an 
interest  in  some  particular  cases  : 

-  mountain  areas,  having  freouently  rocky  soils, 
where  buried  installation  will  be  very  expensive  ;  in 
these  areas  zigzags  of  the  roads  are  also  shunted.  The 
distances  between  poles  are  generally  large  and  with 
inclination  (strong  slopes)  ; 

-  when  crossing  rivers  without  having  the  possibility 
of  crossing  a  bridge,  and  where  the  laying  of  an 
underwater  cable  will  be  very  expensive.  In  these 
cases  also  the  distance  between  poles  may  be 
important. 


The  main  constraints  applied  to  aerial  cables,  in 
addition  to  laying  conditions,  are  due  to  climatic 
conditions. 

Concerning  aerial  cables  the  main  parameters  are  : 
For  the  cable  : 

-  lineic  weight, 

-  geometrical  characteristics, 

-  elasticity  modulus, 

-  dilatation  coefficient, 

-  minimal  breaking  strength. 

For  the  route  : 

-  maximum  distance  between  poles, 

-  possible  unlevellings. 

For  environment  : 

-  temperature  range, 

-  ice  loading  per  meter, 

-  maximum  wind  speed. 

The  specifity  of  aerial  cables  is  that  they  contain  one 
(or  several)  strength  member  which  allows  the  cable 
to  be  installed  on  poles.  This  strength  member  may 
be  made  of  steel  wires,  aluminium  clad  steel  wires 
(ACS),  aluminium  alloy  (ALDREY,  ALMELEC,...), 
glass  fibres,  aramid  yarns  or  fibre  reinforced  plastic 
(FRP)  elements... 

According  to  the  position  of  the  strength  member  in 
the  cable,  the  main  cable  structures  may  be  listed  as 
follows  : 

a)  eight-shaped  cables  :  the  outer  sheath  contains 
both  the  cable  core  and  the  strength  member  (the 
messenger).  These  cables  cross  section  has  then  the 
shape  of  an  "eight"  (Figure  I  a). 

b)  cable  with  a  supporting  braid  :  the  strength 
member  is  completely  surronding  the  cable  core.  It  is 
realized  with  a  metallic  braid,  generally  made  of 
steel  (Figure  I  b)  ;  this  structure  is  employed  for 
reparation  cable  used  temporarily  when  an  aerial  line 
is  out  of  order. 
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c)  cable  with  central  strength  member  :  in  this  case 
the  strength  member  is  located  in  the  center  of  the 
cable  (the  cable  core  is  stranded  around  the 
strength  member) 

d)  cable  with  outer  armouring  :  the  strength 
members  are  helically  stranded  around  the  cable 
core  (Figure  Ic).  This  kind  of  structure  is  mainly 
used  when  distances  between  poles  are  important 
(e.g.  for  overhead  ground  wires).  The  wires  used  may 
be  of  several  kinds  : 

-  high  resistance  galvanized  steel  wires  ; 

-  almelec  wires,  presenting  a  low  electrical 
resistance,  but  also  a  poor  mechanical  strength  ; 

A.C.S.  wires,  with  good  mechanical 
characteristics. 

The  armouring  can  be  realized  using  two  different 
kinds  of  wires. 

e)  cable  with  peripheral,  non  metallic  strength 
members  :  fiber  glass  elements  or  aramid  yarns  are 
incorporated  in  the  outer  sheath  (Figure  I  d).  This 
kind  of  armouring  is  particularly  convenient  for 
optical  fiber  cables. 

f)  binded  cable  :  the  cable  is  binded  to  an 
independant  messenger,  generally  made  with  a 
galvanized  steel  strand. 

In  case  of  very  harsh  environment,  these  structures 
can  be  combined  (i.e.  reinforced  central  strength 
member  plus  armouring,  reinforced  cable  core  plus 
strong  messenger,...)  It  is  necessary  to  evaluate  the 
effects  of  ice  and  wind  loading  and  to  determine  the 
characteristics  of  strength  members  taking  into 
account  the  distance  between  poles  and  sag  limits. 


Cable  core 


"9 


Figure  I 


Static  stability  equation  : 

T  =  p.l?/8.  f,  where 

T  is  the  longitudinal  tensile  strength  in  the 
messenger: 

1  is  the  distance  between  poles  ; 

p  is  the  load  per  unit  length  applied  on  the  cable 
(including  its  proper  weight) ; 

f  is  the  sag  (within  the  plane  defined  by  the  resultant 
load). 

Temperature  conditions  change  equation 

(T2/s)^(T2/s-Ti/s+Eo(ej-e2)+Epi^l^/24Ti^)= 

Ep2^1^/24S^, 

where  for  the  two  conditions  1  and  ?  : 

Ti  is  the  longitudinal  tensile  strength  in  the 
messenger  ; 

Pi  is  the  load  per  unit  length  applied  on  the  cable 
(including  its  proper  weight)  ; 

©i  is  the  temperature  of  the  messenger  ; 

S  is  the  total  section  of  the  messenger  ; 

E  is  the  elastic  modulus  of  the  messenger  ; 

«is  the  linear  dilatation  coefficient  of  the  messenger. 

During  the  design  of  the  cable  the  possibility  for 
fibers  to  move  inside  a  loose  structure  is  taken  into 
account  (see  Table  1) 


( I »*rs  ir 
t  wr  r  cab  1  r s 


1^^ 


S  t  r at  t •' » 


sn  cabir 
I tnft  *  It' 


Movement  of  fibers  in  a  loose  structure 
Table  I 
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Examples  of  possible  solutions 

As  example  of  possible  solutions,  three  different 
types  of  cables  are  presented. 

Figure  2  shows  the  cross  section  of  a  dielectric 
aerial  cable  for  span  up  to  500  m.  It  can  withstand 
ice  loading  of  2  cm  thickness  and  the  breaking  load 
of  the  messenger  is  I  5000  daN. 

This  type  of  cable  is  shown  on  figure  3  . 


Figure  2 


Figure  3 


Figure  4  shows  the  cross  section  of  a  concentric 
structure  reinforced  by  a  steel  braid.  Tensile 
characteristics  can  be  adjusted  by  selecting  number 
and  dimension  of  wires. 


Figure 

Figure  5  shows  the  cross  section  of  an  optical  ground 
wire  with  a  2  layer  design  for  armouring.  The  first 
layer  is  made  of  steel  wires  in  order  to  adjust  the 
mechanical  characteristics. 

As  an  example  of  a  standard  design  the  span  can  be 
500  m  and  the  breaking  force  1 1  tons. 

Figure  6  shows  such  a  cable  and  Figure  7  shows  a 
cable  with  a  single  layer  of  A.C.S.  wires. 


Figure  5 
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BURIED  CABLES 


Figure  6 


Figure  7 


For  buried  cables,  the  conditions  are  different  : 
cables  are  sometime  buried  in  permafrost  that  can 
create  compression  strengths  on  cables  and  splice 
closures.  Conseauently  cables  must  be  reinforced  by 
an  external  armouring  .  A  basic  design  (cross  section) 
is  shown  on  figure  8  This  type  of  cable  can  withstand 
a  crush  resistance  of  <i50  daN  for  10  cm.  The  cable  is 
shown  on  figure  9 


Figure  9 
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A  greater  level  of  protection  can  be  obtained  by 
using  steel  wire  armouring. 

A  typical  cross  section  is  shown  on  figure  10  and 
figure  1  1  shows  an  example  of  cable  with  two  layers 
of  steel  wires,  which  can  withstand  a  tension  of 
3350  daN. 


When  dielectric  cables  are  necessary  it  is  possible  to 
replace  steel  wires  by  Fibre  Glass  rods.  The  structure 
of  such  cables  are  given  in  Figure  12  and  13  for 
different  tensile  strengths  (2  and  7  tons  without 
stress  on  fibres),  obtained  by  using  one  or  two  layers 
of  armouring. 


Die»entif  strength 
tnemcKit  O  r  b  mn 


Looe  srteaih 


Figure  10 


'■  iiycf*  of  glass 
cicn«nrs 


Outer  ooivemvicne 
sPMtr 


6lass  srrcn^ 


eicmnr 


Figure  1  2 


Figure  I  I 
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Figure  I  3 


Examples  of  cables  using  this  type  of  design  are 
presented  on  figure  l<>  and  I  5  where  Fibre  glass  rods 
(Figure  l<t  )  or  a  combination  of  aramid  yarns  and 
Fibre  glass  rods  (Figure  I  5)  are  used. 
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Specific  protections  are  also  needed  for  splice 
closures  and  for  the  connexion  of  cable  to  buried 
repeaters  :  As  the  same  environmental  conditions  are 
applicable,  these  parts  also  need  specific 
reinforcements  to  achieve  similar  characteristics. 
Furthermore,  these  reinforcements  have  to  be 
connected  to  cable  reinforcements  to  insure  the 
continuity  of  mechanical  resistance. 

CONCLUSION  :  The  design  of  optical  cables  for 
harsh  environments  must  be  done  considering  the 
specific  reouirements  due  to  the  environmental 
conditions.  A  reinforcement  of  strength  members  and 
sheath  protection  is.  in  general,  the  basic  solution. 
Several  types  of  technologies  are  available  depending 
on  other  reouirements  (i.e.  if  the  cable  can  have 
metallic  parts  or  not). 

Considering  the  different  environmental  conditions,  a 
Qualification  is  needed  for  each  specification. 
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Abstract 

Non-metallic  fiber  optic  cables  have  a  remarkable 
structure  which  takes  maximum  advantage  of  the 
induction-free  characteristic  of  optical  fibers. 
The  need  for  this  structure  seems  to  be  increasing 
with  expansion  of  the  range  of  its  application. 

in  this  background,  we  manufactured  fiber 
reinforced  plastic  (FRP)  strength  members  of 
various  shapes,  such  as  square-  and  oval-shaped 
strength  members,  in  which  FRP  rod  forming 
technology  is  developed  on  the  assumption  of  its 
application  on  the  strength  members  of  fiber  optic 
cables  for  indoor  use,  especially,  where 
flexibility  is  required.  We  also  designed, 
manufactured,  and  evaluated  various  fiber  optic 
cables  for  indoor  use  using  them. 

1.  Introduction 

The  movement  to  introduce  fiber  optic  cables  in 
various  fields  is  increasing.  Especially,  the 
need  for  non-metallic  fiber  optic  cables,  which 
take  maximum  advantage  of  their-induction  free 
characteristics  seems  to  be  greatly  increasing. 

In  general.  Fiber  Reinforced  Plastic  (FRP)  rods 
are  often  used  as  strength  members  of  non-metallic 
fiber  optic  cables.  The  FRP  rod,  however,  has  the 
following  disadvantages  :  its  Young's  modulus  is 
as  small  as  one-fourth  that  of  the  steel  wire 
which  is  used  in  metallic  fiber  optic  cables. 
Therefore,  this  increases  its  diameter,  resulting 
in  lowering  its  flexibility.  Consequently,  there 
is  a  problem  in  using  the  conventional  FRP 
strength  members  as  the  fiber  optic  cables  for 
indoor  use  as  is  where  flexibility  is  required. 

Therefore,  to  improve  this  FRP  rod,  we  developed 
FRP  strength  members  of  various  shapes,  such  as 
square-and  oval -shaped  strength  members,  that  are 
different  from  the  general  round-shaped  FRP  rod  by 
utilizing  the  conventional  FRP  processing 
technology. 

Furthermore,  we  designed  and  manufactured  various 
non-metallic  fiber  optic  cables  having  a  small 
diameter  and  sufficient  mechanical  characteristics 
for  indoor  use  by  using  these  FRP  rods. 

This  paper  describes  the  structure  of  FRP  rods  of 
various  shapes,  the  methods  of  manufacturing  them, 
their  characteristics,  and  furtner,  the  structure 
and  characteristics  of  the  non-metallic  fiber 
optic  cables  for  indoor  used  applying  this  FRP. 


1,  Taya-cho,  Sakae-ku,  Yokohama  244,  Japan 

579-1,  Yabuta,  Gifu  500,  Japan 

2.  Structure  and  Characteristics  of  FRP  Rods  of 
Various  Shapes 

When  the  application  of  the  indoor  distribution 
fiber  optic  cable  that  has  a  small  diameter  to  a 
strength  member  is  taken  into  consideration,  the 
use  of  the  FRP  rods  having  a  cross  section  of 

various  shapes,  such  as  square-  and  oval-shaped 

strength  members,  has  more  advantages  than  that  of 

the  conventional  FRP  rod  having  a  round  cross 
section.  Therefore,  we  designed  and  manufactured 
FRP  rods  of  various  shapes  by  developing  the  FRP- 
forming  technology  to  various  fiber  materials  and 
evaluated  their  characteristics. 

2.1  Manufacturing  Process  of  Square-  and  Oval- 
Shaped  FRP  Rods 

Figure  1  shows  the  outline  of  the  manufacturing 
process  of  FRP  rods  of  various  shapes.  Glass 

fiber,  Aramid  fiber,  poly-amid  fiber,  or 

polypropylene  is  used  as  a  reinforced  fiber.  The 
surface  is  hardened  by  the  UV-ray  irradiation  lump 
after  it  is  dipped  in  the  ultraviolet  curable 
resin  containing  a  photoinitiator  and  organic 
peroxide  and  is  shaped  by  the  squeezing  die. 
After  that,  it  is  passed  through  the  dry  heat  duct 
for  complete  hardening  and  then  taken  out.  The 
FRP  rods  of  various  shapes  are  manufactured  by 
this  process. 

2-2  Characteristics  of  The  Square-  and  Oval- 
Shaped  FRF  Rods 

We  evaluated  various  mechanical  characteristics  of 
the  square-  and  oval -shaped  FRP  rods  that  were 
manufactured  at  this  time  and  also  evaluated  that 
of  round-shaped  FRP  rod  for  comparison.  Table  1 
shows  their  results.  All  the  rods  of  different 
materials  and  shapes  have  sufficient  flexibility 
and  can  be  bent  at  a  diameter  of  20  mm  or  less 
though  it  depends  slightly  on  the  direction. 
Besides,  they  can  easily  stand  comparison  with  the 
conventional  round-shaped  FRP  rods  in  the  tractive 
and  compressive  characteristics.  It  is  expected 
that  they  can  be  applied  sufficiently  as  the 
strength  member  of  thin  non-metallic  fiber  optic 
cables  for  indoor  use. 


38  International  Wire  &  Cable  Symposium  Proceedings  1991 


Fiber 

Roving 


Roving  Guide  n  **T*''^ 


I _ I 

Squeezing  UV-ray  Dry  heat 

Die  Irradiation  Lump  Duct 


Capstan 


Taking 

Up 


Fig.l  Outline  of  manufacturing  process  of  square  &  oval  FRP  rod 


Table  1  Mechanical  characteristics  of  various-shaped  FRP  rod  with  various  material 


Reinforcement  fiber  material 

E-glass 

E-glass 

E-glass 

Polyvinyl-alcohol 

Polyamide  Polypropylene 

Shape 

Round 

Oval 

Square 

Square 

Square  Square 

0 

0.40 

C  ) 

] 

1.3  X  0.6 

1.6x0." 

1 .6  X  0.5 

1.6X0.5  1.6x0.5 

Weight  (g/m) 

0.26 

1.2 

1.5 

0.93 

0.87  0.71 

UV-acrylate  resin  material 

*  A 

. 

A 

• 

A 

» 

A 

*  A  ’  B 

Breaking  strength  (kg) 

20 

90 

97 

55 

30  4.8 

0.2%  elongation  strength(kg) 

1.25 

7.0 

7.0 

4.3 

0.64  1  0.27 

Elongation  at  breaking  strength(kg) 

3.0 

3.0 

3.0 

3.1 

11.2  25 

Minimum  bending  diameter(mm) 

10 

20 

15 

5 

5  5 

Thermal  resistive  bending  diameter 
at  80'C(ttrm) 

24 

35 

30 

18 

10  10 

Compressive  strength(kg) 

50 

>500 

>500  >500 

Thermal  expansion  coefficient(%) 

5.9x10* 

6.0x10^ 

6.0x10* 

8.9x10"* 

2.1x10"* 

Flexural  rigidity(g)  2^ 

2 

0,5 

30 

7 

.30 

7 

8 

4 

2  0.7 

0.4  0.2 

*  A  :  Phenol  novolak  type  epoxy  acrylate 
B  :  Urethane  acrylate 


3.  Application  of  Square-  and  Oval-Shaped  FRP  Rods 

The  square-  and  oval -shaped  rods  can  be  used  in 
various  ways  by  utilizing  their  special  shapes. 
Figure  2-1  shows  an  example  of  the  non-metallic 
ribbon-slot-type  fiber  optic  cable.  In  this 
case,  the  square-shaped  FRP  rod  is  inserted  in  the 
square-shaped  groove  in  which  a  fiber  ribbon  is 
inserted.  It  is  used  as  a  reinforcement  to 
improve  the  tensile  strength  and  resistance  to 
crushing  of  the  cables.  Figures  2-2  and  2-3  show 
other  examples  of  applying  them  to  the  non- 
metallic  indoor  distribution  fiber  optic  cables  by 
combining  them  with  fiber  ribbons  and  single-core 
tight  buffered  fibers. 

We  manufactured  the  latter  products,  2-types  of 
non-metallic  flat  type  fiber  optic  cables,  this 
time  and  evaluated  their  mechanical  and 
transmission  characteristics. 


Square  FRP 
PE  slot 
4-fiber  ribbon 

FRP  cenirai  strength  member 

Wrapping 

Sheath 


Fig. 2-1  Cross  section  of  non-metallic  PE-slot  type 
optical  cable  with  square-shaped  FRP  rods 
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Table  2  Characteristics  of  reinforced  fiber  ribbon 


Square  FRP 


Reinforced 
2-fiber  nbbon 


PE  sheath 

Fig. 2-2  Cross  section  of  non-metal  lie  flat  cable 
with  square  FRP  rods  &  reinforced  fiber 
ribbon 


Square  FRP 

Optical 

fiber 

Aramid  yam 
PE  sheath 


Fig. 2-3  Cross  section  of  non-metallic  flat  cable 
with  square  FRP  rods  &  tight  buffered 
fiber 


3.1  Reinforced  Fiber  Ribbon 


Prior  to  the  manufacture  of  fiber-ribbon-type  flat 
cable  for  indoor  use,  in  order  to  improve  the 
mechanical  characteristics  of  the  fiber  ribbon 
itself,  we  reinforced  it  with  a  thin  FRP  rod,  as 
shown  in  Figure  3,  and  integrated  it  with  urethane 
acrylate  resin  to  develop  a  reinforced  fiber 
ribbon.  Table  2  and  Figure  4  show  the  evaluation 
results  of  a  two-core  single  mode  reinforced  fiber 
ribbon  with  respect  to  the  transmission  and 
mechanical  characteristics. 


Item 

Unit 

2-fiber  ribbon 

After  reinforcement 

Size 

mm  X  mm 

0.6  X  0.4 

1.6  X  0.5 

Wei^t 

g/m 

0.27 

I.O 

Tensile  breaking  strength 

kg 

— 

41 

0.2%  elongation  strength 

kg 

2.8 

Minimum  bending  diameter 

mm 

10 

Thermal  resistive  bending 
diameter  at  80'C 

mm 

24 

Compressive  strength 

kg/50mm 

150 

Compressive  strength  at 
loss  increase  at  1  .Tpm 

kg/50mm 

50 

425 

Rexural  rigidity 

g 

— 

4.0 

1.5 

Temperature  (°C) 

Fig. 4  Temperature  characteristics  of  2-core 
single  mode  reinforced  fiber  ribbon 


It  was  confirmed  that,  especially  as  for  the 
tractive  characteristics,  the  tensile  strength  at 
0.2  percent  elongation  was  improved  up  to  ten 
times  as  same  as  that  of  fiber  ribbon  and  as  for 
the  compressive  characteristics  the  load  value  in 
which  the  transmission  loss  increases  was  also 
improved.  Furthermore,  good  results  were  obtained 
with  respect  to  the  following  items.  As  for  the 
transmission  loss,  there  was  almost  no  fluctuation 
at  a  wavelength  of  1.3  pm  around  the  reinforcement 
processing,  and  as  for  the  temperature 
characteristics,  the  loss  variation  within  the 
temperature  range  form  -1CI°C  to  +60° C  was  less 
than  0.02  dB/km  in  length  of  1,000  m  as  shown  in 
Figure  4. 


Urethane  acrylate  resin 
2-fiber  ribbon 
FRP  rod 


Fig. 3  Cross  section  of  2-core  reinforced  fiber  ribbon 


3.2  Fiber-Ribbon  Flat  Cable 


To  further  improve  the  mechanical  strength  of  the 
reinforced  fiber  ribbon  that  was  introduced  above, 
we  designed  and  manufactured  a  non-metallic  flat 
cable,  as  shown  in  Figure  2-2,  in  which  a 
reinforced  fiber  ribbon  is  sandwiched  at  its  top 
and  bottom  with  the  square-shaped  FRP  rods.  If 
the  top  and  bottom  FRP  rods  are  made  of  glass- 
fiber,  their  rigidity  and  elasticity  increase  due 
to  the  material.  The  overall  bending  rigidity 
increases  and,  at  the  same  time,  the  compression 
force  may  be  applied  on  the  fiber  ribbon  because 
there  is  no  mutual  distortion  clearance  between 
the  top  and  bottom  FRP  rods.  Therefore,  we 
manufactured  a  short  length  of  prototype  flat 
cable  by  using  various  materials  for  the  top  and 
bottom  FRP  rods  and  evaluated  the  various 
mechanical  characteristics,  as  shown  in  Table  3, 

It  was  found  from  the  experimental  results,  shown 
in  Table  3,  that  the  products  using  glass  fiber 
and  polyamid  fiber  together,  or  those  using  glass 
fiber  and  polypropylene  together,  are  superior  in 
mechanical  characteristics  to  those  of  other 
combinations . 
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Table  3  Characteristics  of  ribbon-fiber  flat  cable  with  square-shaped  FRP  rod  of  various  combination 


FRP  reinforcement  fiber 
material  (Position:  Top) 

Glass 

Polyvinyl- 

alcohol 

Polyvinyl- 

alcohol 

- 1 

Polyamide 

Polypro¬ 

pylene 

Glass 

Glass 

Glass 

FRP  reinforcement  fiber 
material  (Position:  Bottom) 

Glass 

Glass 

Polyvinyl- 

alcohol 

Glass 

Glass 

Polyamide 

Polypro¬ 

pylene 

Polyamide 

Minimum  bending 
diameter  (mm) 

15 

15 

5 

15 

15 

15 

15 

Bending  diameter  at  loss 
increase  at  1.3  x/m  (mm) 

700 

650 

210 

<200 

<200 

<200 

<200 

<200 

Compressive  strength  at 
loss  increase  at  1 .3  xx  m 
in  the  thickness  direction 
(kg/50mm) 

— 

— 

220 

200 

220 

200 

220 

0.2%  elongation  strength(kg) 

16.6 

13.8 

11.1 

10.2 

9.8 

10.2 

9.8 

3.8 

Rexural  rigidity (g) 

— 

70 

— 

47 

17 

50 

34 

40 

34 

66 

32 

21 

9 

Therefore,  we  manufactured  a  600  meter  length  flat 
cable  using  glass  fiber  FRP  and  polyamid  fiber  FRP 
together  and  evaluated  transmission  and  mechanical 
characteristics.  Figure  5  shows  the  changes  in 
the  transmission  loss  before  and  after  the  cable 
was  processed.  Figure  6  shows  the  changes  in 
transmission  loss  in  the  heat-cycle  processing. 
Even  though  a  slight  increase  in  transmission  loss 
caused  by  the  compression  force  is  seen  in  the 
fiber-ribbon  by  the  ribbon  winding  on  the  reel 
after  cable  processing,  almost  stable 
characteristics  are  obtained.  As  for  the 
temperature  characteristics,  there  is  almost  no 
loss  variation  within  the  temperature  range  from  0 
to  60 °C.  It  was  found  that  they  have  good 
characteristics  in  the  indoor  environmental 
condi ti ons . 


Fig. 6  Temperature  characteristics  of  non-metallic 
flat  cable  with  reinforced  fiber  ribbon 


Optical  Fiber  Reinforced  Flat 

fiber  ribbon  fiber-ribbon  Cable 


Fig. 5  Attenuation  of  optical  fibers  in 

cable  manufacturing  for  non-metallic 
flat  cable  with  reinforced  fiber  ribbon 


Table  4  Cable  performances  of  single  mode  2-fiber 
riboon  flat  cable  with  glass  &  polyamide 
based  FRP  rod 


Item 

Test  results 

Size 

2.7mm  x  2.7mm 

Weight 

6.7  g/m 

Bend  te.st 

No  loss  increase  was  observed 
at  lOOmmo  bending  diameter 

Torsion  test 

No  loss  increase  was  observed 
at  10  turns  in  one  direction 
in  length  of  1  m. 

Heat  cycle 
test 

No  loss  fluctuation  was 
observed  in  the  temperature 
range  from  0  -  bOX. 
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3.3  Non-Metallic  Flat  Cable  with  Tight-Buffered 
Fiber 


In  order  to  further  improve  the  handling 
characteristics  of  cables,  we  manufactured  a  flat 
cable  by  placing  2-core  tight  buffered  single  mode 
fibers,  as  shown  in  Figure  2-3,  on  both  sides  of 
the  square-shaped  FRP  rod  and  filling  up  the 
remaining  space  with  aramid  yarn. 

3.3.1  Mechanical  Characteristics  of  the  FRP  Rod 


Prior  to  the  manufacture  of  tight  buffered  type 
flat  cable  for  indoor  use.  In  order  to  prove  the 
superiority  of  square-shaped  FRP  as  a  strength 
member,  we  evaluated  the  bendiiig  characteristics 
and  compressive  characteristic  of  the  round-shaped 
FRP  rod  that  has  the  same  cross  section  and  the 
tensile  strength  characteristics  as  those  of  the 
square-shaped  FRP  used  this  time.  Table  4  shows 
their  results.  Remarkable  improvement  was 
recognized  in  the  square-shaped  FRP  rod  with 
respect  to  the  mechanical  characteristics. 


Table  5  Mechanical  characteristics  of  square  & 

_ round  FRP  rods _ _ _ 

!  1  I  D  .^1  in.r  1 


Item 

Unit 

Square 

shape 

Round 

shape 

FRP  size 

mm 

2.1  X  1.1 

1.7o 

Q.29c  elongation  strength 

kg 

21 

21 

Minimum  bending  diameter 

kg 

33 

51 

1000 

280 

440 

Rexural  rigidity 

g 

200O 

90 

120 

Compressive  strength 

kg/SOmm 

500 

185 

3.3.2  Characteristics  of  Non-Metallic  Flat  Cable 


Therefore,  we  manufactured  and  evaluated  a  flat 
cable  with  square-shaped  FRP  rod  and  tight 
buffered  type  optical  fiber.  Table  5  shows  the 
mechanical  characteristics  of  the  cable  and  Figure 
7  and  Figure  8  shows  the  evaluation  results  of  the 
transmission  characteristic.  There  was  almost  no 
change  in  transmission  loss  during  the  processing. 
No  loss  variation  was  seen  in  the  heat  cycle 
within  the  temperature  range  of  -10  to  +60°C. 
Also  good  characteristics  were  obtained  in  the 
bending  and  compressive  characteristics  with 
respect  to  the  mechanical  characteristics.  It  was 
confirmed  that  the  flat  cable  structure  fully 
utilizes  the  excellent  characteristics  of  the  FRP 
rod . 


Fig. 7  Attenuation  of  optical  fibers  in  cable 

manufacturing  for  non-metallic  flat  cable 
with  tight  buffered  fiber 


+  20  0  -10  +  20  +  00  +  20  -10  +  20 
Temperati.‘-e  (°C) 


Fig. 8  Temperature  characteristics  of 
non-metallic  flat  cable  with 
tight  buffered  fiber 

Table  6  Cable  performances  of  2-core  single  mode 
flat  cable  with  tight  buffered  fiber 


Item 

Tcsl  results 

Si/e 

6mm  X  .smm 

Weigh! 

15  g/m 

0.2%  clongalion 
sircnglh 

41)  kg  1 

Minimum 
bending  diameter 

3.^  mm 

Flexural  lOOo 
rigidity  2(K)0 
,100o 

45(1  g 

125  g 

5(X)  g 

Compressive 
sircnglh  at 
los.s  increase  | 
at  1.3pm 

3(K)  kg/5(tinni 

Torsion  ic.sl  j 

1 

No  loss  iniTca.se  w;ts  observed 
at  S  turns  in  orx'  direction 
in  length  o|  1  m. 

Heat  t  ycic 
test 

Ni'  loss  tlucluation  vviis 
observed  in  the  lemperalurc 
riuigc  from  *10  -  bO'C. 
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4.  Conclusion 


We  developed  FRP  rods  of  various  shapes,  such  as 
the  square-and  oval -shaped  rods,  and  applied  them 
to  the  non-metal  lie  structure  that  fully  utilizes 
the  characteristics  of  optical  fiber  as  strength 
members  of  indoor  distribution  fiber  optic  cable 
and  manufactured  and  evaluated  the  thin  non- 
metallic  indoor  distribution  fiber  optic  cables 
that  have  a  small  diameter  and  flexibility  by 
using  their  FRP  rods. 

The  articles  developed  this  time  show  excellent 
transmission  and  mechanical  characteristics  under 
indoor  environmental  conditions.  It  is  expected 
that  they  will  further  expand  the  application 
range  of  non-metal  lie  fiber  optic  cables. 
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EVOLUTION  AND  DESIGN  OF  FIBER  OPTIC 
PREMISE  CABLES 
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ABSTRACT 

Demand  is  escalating  for  optical  fiber  premise  cable  to 
be  placed  inside  of  buildings.  Tbis  new  demand  has 
been  highlighted  in  several  publications  on  this  subject 
(see  references).  These  cables  will  be  employed  for 
telecommunication,  data  processing,  data  links,  and 
computer  networks.  There  arc  many  requirements 
including  flexibility,  friction,  small  size,  special 
materials,  splicing  ease,  flammability  and  short  lengths. 
This  paper  addresses  the  evolution  and  design  of  fiber 
optic  premise  cables. 


INTRODUCTION 


"Premise"  cable  may  be  simply  defined  as  cable 
designed  to  be  placed  inside  of  premises  or  buildings. 
These  buildings  may  consist  of  small  businesses 
occupying  an  office  complex  to  large  businesses  in 
multifloor  buildings.  A  generic  premise  distribution 
system  is  shown  in  Figure  1.  While  the  requirements 
and  applications  of  premise  systems  are  certainly 
different  from  those  of  long-haul,  interoffice  trunking, 
and  loop  feeder  applications,  the  same  advantages  of 
optical  fiber  which  have  made  it  the  medium  of  choice 
in  these  outside  plant  applications  are  stimulating  its 
use  in  the  premises’  market. 

Premise  cables  are  employed  to  transfer  information 
between  computers,  PBX  and  terminal  equipment 
located  in  different  parts  of  a  building  which  can  evolve 
into  Local  Area  Network  (LAN)  Systems.  Typical  cable 
configurations  include  single,  duplex  and  multi-fiber 
arrangements.  These  configurations  have  evolved  over 
the  years  to  include  multimode,  single  mode,  dispersion 
shifted  and  polarization  maintaining  fiber  types.  The 
cables  typically  contain  from  one  to  thirty-six  fibers. 
The  current  rules  employed  to  design,  manufacture,  and 


place  outside  plant  cable  must  be  modified  for  cables 
used  in  premise  applications.  The  cable  distribution 
facilities  in  buildings  demand  cable  designs  that  are 
mechanically  robust  and  at  the  same  time  easy  to  install 
and  terminate.  The  unique  characteristics  of  the 
building  environment  directly  influence  the  fiber 
selection,  materials,  and  ultimately  the  mechanical  and 
optical  performance  characteristics. 

Premise  cables  are  divided  into  three  sub-categories: 
backbone,  distribution  and  interconnect  cables  which 
are  defined  by  the  typical  required  lengths.  Backbone 
cables  arc  usually  installed  in  riser  shafts  and  provide 
the  source  of  all  information  coming  into  the  building. 
The  distribution  and  interconnect  cables  arc  then  used 
to  carry  information  to  its  specific  destination. 
Distribution  cables  typically  have  lengths  grcater  than 
10  meters.  They  arc  used  to  connect  the  optical 
interconnection  equipment  to  termination  points  in  a 
subsystem.  Interconnect  cables  typically  have  lengths 
less  than  10  meters  and  arc  used  in  "point  to  point" 
connection  such  as  connecting  workstations  to  wall 
outlets.  This  paper  will  discuss  the  requirements  for 
distribution  and  interconnect  cables.  New  constraints 
dictate  new  designs  as  fiber  optics  evolves  in  the  local 
loop  and  premise  environment. 

APPLICATIONS  OF  PREMISES  CABLES 


Fiber  optic  premise  cables  are  employed  in  numerous 
applications  in  premise  distribution  systems.  One  of 
the  major  reasons  for  its  increased  usage  is  that  fiber 
optic  systems  have  become  cost  competitive  with 
metallic  systems.  The  rapid  deployment  of  fiber  optic 
technology  permits  many  applications  including  video 
(CATV,  teleconferencing  and  image  transmission),  data 
,  and  voice  transmission.  One  application  is  "point  to 
point"  datalinks  in  which  two  computers  or  a  terminal 
and  a  computer  are  directly  linked  to  each  other  or  to 
another  peripheral  device.  A  more  complicated 
application  is  the  Local  Area  Network.  In  this 
application,  the  communication  channels  are  not 
dedicated  between  devices  and  the  need  for  flexible 
interconnection  is  great. 
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Fiber  optic  cables  have  several  advantages  over  copper 
cables.  One  major  advantage  that  fiber  optic  cable  has 
over  copper  cable  is  its  immunity  to  electromagnetic 
interference  (EMI).  For  example,  EMI  may  be  a 
significant  factor  in  a  factory  environment.  Optical 
fi^r  cables  may  be  employed  as  high  capacity  cables  to 
eliminate  coaxial  cable  in  data  communications 
systems,  and  to  connect  to  the  remote  location  of  shared 
equipment  in  computer  systems.  The  capability  of  one 
pair  of  fibers  to  replace  these  and  other  copper  cables 
translates  into  much  smaller  cables  and  lower 
installation  costs.  This  reduced  cost  and  the  alleviation 
of  space  congestion  problems  associated  with  the 
proliferation  of  large  copper  cables  are  two  of  the 
reasons  that  fiber  optic  cables  are  attractive  in  replacing 
copper  cables. 

Rexibility  in  upgrading  the  circuit  capacity  to 
accommodate  future  growth  and  changes  without 
installing  new  cables  is  of  great  advantage.  In  addition, 
optical  fiber  cables  provide  for  longer  cable  runs  and 
support  of  many  different  communication  schemes  over 
the  same  cable. 

Premise  distribution  systems  vary  from  application  to 
application.  The  application  may  change  over  a  period 
of  time  even  within  a  given  building.  For  example,  a 
collection  of  point  to  point  datalinks  may  need  to 
evolve  over  time  into  a  Local  Area  Network. 

REQUIREMENTS 

There  are  many  qualification  requirements  for  optical 
fiber  premise  cables.  These  requirements  may  be 
summarized  as  those  required  by  the  customers. 
Underwriter  Laboratories  and  the  local  codes.  The 
requirements  may  be  further  sub-divided  into 
mechanical,  optical  and  environmental.  The  premise 
cable  environment  is  certainly  not  as  severe  as,  for 
example,  the  buried  service  cable  environment. 
Premise  cable  is  designed  for  in-door  application. 
However,  the  cable  must  be  much  more  flexible  for 
ease  of  installation  and  therefore  be  less  robust  than 
buried  service  cable.  Although  the  cable  is  not 
plowed-in,  it  is  sometimes  pulled  through  ducts  with  90 
degree  bends.  Buried  cable  is  usually  not  handled  once 
it  is  in  the  ground.  Premise  cable,  however,  may  be 
handled  frequently  if  it  is,  for  example,  an  interconnect 
cable  in  a  central  office.  These  requirements  of 
flexibility  and  small  size  coupled  with  relatively  high 
tensile  strength  and  impact  resistance,  create  design 
challenges. 

Several  organizations  have  .set  requirements  for  premi.se 
cable  including  Bellcore,  ICEA,  and  ElA  to  name  a 
few.  The  premi.se  cable  tests  are  given  in  "Generic 
Requirements  for  Intra-building  Optical  Fiber  Cable”  in 
Table  I.  Each  one  of  these  tests  has  different 
requirements  depending  on  whether  the  cable  is 
classified  as  "Riser  (backbone)",  "Plenum  and  General 


Purpose  (Distribution)",  or  "General  Purpose 
(Interconnect)".  The  required  testing  load  and  energy 
level  varies  with  each  classification. 

As  the  industry  has  matured,  the  operating  temperature 
range  as  well  as  other  requirements  have  increased. 
The  environmental  cycle  is  developed  to  ensure  the 
optical  integrity  of  the  cable  over  its  life  time  with  an 
ageing  cycle  currently  exceeding  the  one  set  for  outside 
plant  cable.  A  typical  environmental  cycle  is  shown  in 
Figure  2.  The  duration  of  this  test  is  a  function  of  the 
required  ageing  time  but  is  typically  one  month.  Cables 
are  cycled  to  -40°  to  simulate  storage  conditions. 

In  addition  to  these  tests,  other  tests  determine  sheath 
strippability,  flexibility,  aesthetics,  handling  and  ease  of 
entry  and  splicing.  Figure  3  shows  a  flexibility  test 
which  allows  a  quantitative  estimate  of  a  cable’s 
bending  stiffness.  Some  requirements  for  distribution 
cable  may  be  completely  opposite  to  requirements  for 
interconnect  cable.  For  example,  customers  require  that 
the  distribution  cable  have  a  low  friction  jacket  for  ease 
of  installation.  Interconnect  cables  require  some 
friction  for  connectorization  purposes. 

It  is  educational  to  examine  how  premise  cable 
requirements  have  evolved  over  the  last  10  years.  As 
the  number  of  fiber  optic  cable  installations  have 
increased,  smaller  size  has  become  important.  Also 
optical  interconnection  cabinets  have  become  smaller 
and  there  currently  is  a  need  for  increased  storage  tray 
capacity.  All  of  these  have  increased  the  need  for 
smaller  cables.  However,  cable  mechanical 
requirements  have  not  been  relaxed.  Tensile  strength 
requirements  have  remained  the  same  or  increased. 
Impact  strength  requirements  have  done  the  same.  This 
is  evident  on  cables  such  as  fiber  optic  jumpers  and 
pigtails.  An  example  of  this  can  be  seen  in  cordage  and 
new  minicord  designs  (see  Figure  6c  and  6d).  The 
diameter  has  decreased  about  46%  and  yet  the  new 
minicord  must  pass  the  same  impact  tests  as  the 
cordage  design. 

A  technology  that  impacts  directly  on  the  cable  industry 
is  the  connector  industry.  As  time  has  passed,  these 
connector  designs  have  become  smaller  and  yet  their 
tensile  requirements  have  remained  the  same  or 
increased.  This  requires  developing  new  cable  designs 
which  allow  better  coupling  of  the  connector  with  the 
.strength  members  in  the  cable. 

In  addition  to  performance  requirements,  the  premise 
cables  must  also  pass  safety  requirements.  Codes  have 
been  developed  to  protect  building  occupants  and 
equipment  during  a  fire.  These  codes  have  set 
requirements  based  on  flame  spread  and  smoke  density. 
Future  directions  could  include  toxicity  and  corrosion 
levels.  Cables  are  rated  based  on  their  performance  in 
selected  tests.  For  example,  to  be  "riser  rated",  a  cable 
must  pass  the  UL-1666  test;  to  be  "plenum  rated",  a 
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cable  must  pass  the  UL-910  test.  The  Plenum  test 
shown  in  Figure  4  is  the  most  difficult  to  pass.  Cables 
passing  this  test  must  meet  stringent  flame  spread  and 
smoke  requirements.  Although  demand  is  escalating 
for  nonhalogen  designs,  specifications  have  not  defined 
what  rates  a  product  as  nonhalogen.  Therefore, 
development  has  been  slow  in  this  area. 

Finally,  the  international  markets  have  their  own 
requirements  for  fiber  optic  cable.  These  requirements 
must  be  factored  in  with  the  American  standards  in 
order  to  satisfy  the  international  and  U.  S.  markets  with 
one  design. 

DESIGN  CONSIDERATIONS 

The  premise  environment  has  the  potential  for  use  of 
many  cable  designs.  Increased  usage  has  created  a 
demand  for  generic,  cost  effective  cables  designed 
specially  for  the  premise  environment.  There  are 
certain  constraints  that  dictate  applicable  designs.  As 
has  been  stated,  these  include  environmental, 
mechanical,  customer  and  apparatus  constraints. 

A  cross  section  of  a  generic  premise  cable  design  is 
shown  in  Figure  5.  There  are  certain  inherent  features 
that  each  design  must  have.  These  include  sufficient 
tensile  strength,  compressive  strength  and  impact 
resistance  to  name  a  few.  The  exact  value  depends  on 
the  requirements  set  by  the  customer.  Each  design  is 
composed  of  an  outer  jacket,  strength  members 
(normally  aramid  yams),  buffered  fibers  and  sometimes 
spacers.  The  designer  must  package  these  components 
together  to  meet  all  requirements. 

ENVIRONMENTAL 

A  generic  premise  cable  should  be  suitable  for 
installation  within  the  smicture  of  a  building  as  well  as 
within  electronic  equipment.  Often,  this  requirement 
heavily  influences  material  selection.  Cables  placed  in 
a  plenum  environment  require  materials  with  very  high 
Limited  Oxygen  Index  (LOI)  such  as  fluoropolymers; 
consequently,  these  cables  are  often  stiff  and  more 
expensive.  Riser  cables  require  materials  with  a 
sufficient  LOI  (such  as  PVC)  but  not  as  high  an  LOI  as 
is  required  for  a  plenum  cable. 

One  must  know  the  intended  life  of  the  cable  product 
This  requires  knowledge  of  the  thermal  extremes  at  the 
location  where  the  cable  is  installed.  Any  design  must 
be  able  to  function  over  the  identified  time  period 
without  deterioration.  Therefore  the  response  of  all 
materials  used  in  the  cable  to  the  temperature  extremes 
must  be  known.  Important  propenies  include 
coefficient  of  thermal  expansion,  modulus  of 
elasticity/material  shrinkage,  hydrolytic  stability  and 
oxidative  stability. 


Cables  may  be  placed  in  extreme  environments.  The 
cables  could  be  placed  in  tension  in  a  high  humidity 
environment.  This  could  cause  static  fatigue  of  the 
glass  fiber  and  possibly  cause  the  fiber  to  break.  Cables 
could  be  exposed  to  chemicals  that  could  cause  a  cable 
to  deteriorate  over  time.  AH  of  these  environments 
must  be  considered  in  a  cable  design. 

MECHANICAL 

Within  any  premise  environment  there  are  many 
mechanical  constraints  and  mechanical  considerations. 
The  main  purpose  of  the  cable  is  to  provide  protection 
for  the  individual  fibers.  This  is  especially  true  during 
cable  installation.  Facilities  with  complex  routing  can 
cause  high  mechanical  stresses  in  the  cable  during 
installation.  It  is  important  to  isolate  these  stresses 
from  the  fibers.  The  cable  should  be  as  small  as 
possible  to  conserve  space  in  typically  crowded  ducts. 
The  cable  must  have  a  jacket  with  low  frictional 
properties  and  a  core  with  sufficient  robusmess.  Cable 
weight  and  bending  stiffness  are  also  important  during 
installation. 

CUSTOMER 

Since  the  customer  specifies  a  particular  fiber  type,  a 
design  must  be  versatile  enough  to  work  with  any  of 
these  fiber  types.  A  cable  design  which  contains  single 
mode  fiber  must  be  robust  enough  to  reduce 
macrobending  loss  at  1550nm  wavelength.  A  Fiber 
proof  strength  dramatically  affects  the  tensile  rating  and 
therefore,  the  size  of  the  cable  product.  Cables  with 
lengths  on  the  order  of  10  m  or  less  are  required  to  have 
low  cut  off  wavelengths  to  reduce  modal  noise. 
Customers  could  require  reliability  tests  which  requires 
quantitative  measurements  of  cable  quality. 

APPARATUS 

The  indoor  communication  environment  is  apparatus 
intensive.  Any  cable  design  must  be  compatible  with 
associated  hardware.  The  sheath  must  be  easy  to  enter 
and  have  low  friction  for  installation.  The  fibers  are 
required  to  be  buffered  and  with  identifiable  colors  for 
aid  in  relocation  of  fibers  during  system 
reconfiguration.  Buffered  fibers  must  also  be  strippable 
with  standard  mechanical  stripping  tools.  The  number 
of  cable  sizes  must  be  minimized  to  reduce  the  amount 
of  required  apparatus. 

DESIGN  CONFIGURATIONS 

Figures  6  and  7  show  typical  configurations  for 
interconnect  and  distribution  cables  seen  in  the  premise 
cable  environment  respectively.  Figure  7a  and  7c 
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shows  the  buffered  fiber  designs.  These  designs  are 
normally  2,  4,  6,  12,  18,  24  and  36  fiber  count  cables. 
Each  fiber  count  often  requires  a  different  outer 
diameter.  Figure  7b  and  7d  shows  the  breakout  cable. 
This  cable  is  similar  to  the  buffered  fiber  cable  but 
single  fiber  cables  are  employed  in  place  of  the  buffered 
fibers.  This  cable  is  larger  and  more  robust  but  is 
stiffer.  Each  subunit  has  sufficient  robustness  allowing 
the  unit  to  be  separated  and  run  individually  to  desired 
locations  without  damage.  Figure  6F  shows  ribbon 
interconnection  cables.  These  cables  are  employed  for 
backplane  connections  and  point  to  point  connection 
with  computers  and  other  peripheral  equipment. 

As  fiber  optics  evolves  more  in  the  local  loop  and 
premise  environment,  new  constraints  will  dictate  new 
designs.  Some  additional  new  designs  on  the  horizon 
include  hybrid  cables  (designs  containing  a  mixture  of 
fiber  types  or  media  types),  nonhalogen,  flexible 
plenum,  and  indoor/outdoor  cable  designs. 

SUMMARY 

Fiber  optic  cables  are  being  rapidly  deployed  in  the 
premise  environment.  This  environment  dictates  many 
different  cable  designs  including  backbone,  riser  and 
interconnection  cables.  Requirements  exist  but  are 
continuously  being  revised  to  ensure  the  successful 
installation  and  use  of  these  designs  as  applications 
evolve.  The  challenge  for  manufacturers  is  to  reduce 
the  number  of  designs  and  at  the  same  time  provide  the 
quality  features  and  meet  the  full  range  of  requirements 
set  by  the  customers. 


OPTICAL 


Figure  1:  Fiber  Optic  Premises  Distribution  System 
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Table  I 

Generic  Requirements  For  Premise  Cables 

NO. 

TEST  DESCRIPTION 

INTERCONNECT  CABLE 

DISTRIBUTION  CABLE 

EIA-455-3A 

EIA-455-3A 

1 

Temperature  Cycling 

0°CtoS0°C 

0“C  to  50°C 

EIA-455-3A 

EIA-455-3A 

2 

Aging 

Continuation  of  Temp,  cycling 

Continuation  of  Temp,  cycling 

85°C,336hrs 

8S°C,  336  hrs 

VWl-CL  1666-UL-9I0 

UL  1666-UL-910 

3  J 

Fire  Resistance 

4 

Strippability 

EIA-45S-178 

EIA-45S-178 

15mm  (0.6)  in 

15mm  (0.6in) 

<I3.4N(3lbf) 

<13.4N  (3  IbO 

EIA-45S-104 

ElA-455'104 

5 

Cyclic  Fiexing 

Mandrel  Oia.  =  20X  Dia. 

Mandrel  Dia.  =  20X  Dia. 

300  cycles 

100  cycles 

EIA-4S5-2S 

EIA-455-25 

6 

Impact 

.74N-M  (.54  n-lb),  20  cycles 

2.9  N-M  (2.2  fl-lb),  20  cycles 

J 

150mm  (5.9in) 

150mm  (5.9in) 

- 1 

EIA-455-8S 

EIA-455-85 

Twist 

Length  =  J  meter  (11.8  inches) 

Length  =  I  meter  (3.3  feet) 

EIA-455-37 

EIA-45S-37 

Low  &  High 

Mandrel  Dia.  =  20X  Diai50mm(2.0  in) 

Mandrel  Dia.  =  Diayi5.2cm(6  in) 

Temperature  Bend 

X  kg,  10  Turns 

X  kg,  10  Turns 

0°C  &  50'’C 

0°C  &  50°C 

EIA-455-41 

EIA-455-41 

V 

Compression 

10.16cm  (4  in)  Dia.,  3.5  N/mm  (20  Ibf/in) 

10.16cm  (4  in)  Dia.,  10  N/mm  (57  Ibf/in) 

EfA-455-33 

EIA-455-33 

1  1 

Tensile  Strength 

220N  (50  IbO 

<  12f444N(1001bO,<  12f665N(150  IbO 

EIA-455-86 

EIA-45S-86 

II 

Cable  Jacket  Shrinkage 

15  cm  (6  in.)long,  0.6  cm  (.24  in.)wide 

15  cm  (6  in.)long,  0.6  cm  (.24  in.)  wide 

12rC,  2  Hrs,  Shrinkback  <  5% 

121°C,2  Hrs,  Shrinkback  <  S% 

Single-Mode  &  Multimode  change  in  loss  should  be  <  0.2  &  0.5  dB  respectively. 
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■  Mauurawnti  Time  (Days) 


Figure  2:  Generic  Environmental  Temperature  Cycle 


Bending 
Moment 
(energy  level) 


Figure  3:  Flexibility  Test 
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Figure  4:  Plenum  Cable  Fire  and  Smoke  Test 

(UL-910) 


Figure  5:  Generic  Fiber  Optic  Premise  Cable 
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(c)  Duplex 


(d)  Minicord  Duplex 


(e)  Hybrid  (f)  Ribbon 

Figure  6:  Fiber  Optic  Premise  Interconnect  Cables 
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(a)  Low  Fiber  Count 
(Buffer) 


(b)  Low  Fiber  Count 
(Breakout) 


(c)  High  Fiber  Count 
(Buffer) 


(d)  High  Fiber  Count 
(Breakout) 


Figure  7:  Fiber  Optic  Premise  Distribution  Cables 
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ABSTRACT 


A  systematic  design  and  development  of  a 
novel  Steam  Resistant  Loose  Tube  (LT) 
optical  fiber  cable  is  discussed.  This 
design  utilizes  a  hydrolytically  and 
high  temperature  stable  LT  material. 
Moisture  ingress  into  the  cable  core  is 
highly  suppressed  by  enclosing  the 
optical  core  with  a  welded  aluminum 
tube.  Cable  lifetime  is  increased 
substantially  by  using  this  design 
compared  to  standard  polyethylene 
sheathed  PBT  LT  cable  designs.  A 
mathematical  model  for  the  rate  of 
change  of  MFI  of  PBT  has  been  developed 
and  used  to  justify  this  chosen  cable 
design  which  meets  all  the  mechanical 
and  environmental  reguirements  of 
Bellcore  Technical  document  TR-TSY- 
000020,  Issue  4,  March  1990. 


1.0  tntrodoction 

Loose  tube  (LT)  optical  fiber  cable 
designs  have  been  widely  used  in 
industry  to  date,  polybutylene 
terephathalate  (PBT)  is  commonly  used  as 
a  preferred  tube  material  because  of  its 
good  mechanical  and  chemical 
characteristics,  along  with  easy 
processibility . 

Recently  the  deficiency  of  such  an  LT 
cable  design  was  highlighted  through  the 
installation  of  such  cables  next  to 
steam  ducts  in  New  York  City  and 
Cleveland.  The  underground  steam  ducts 
in  these  cities  are  approximately  80  - 
100  years  old  and  conseguently  are  prone 
to  steam  leakage  through  aging  and 
fatigue  of  steam  pipes.  In  two  specific 
instances,  failure  of  steam  pipes  has 
been  monitored  recently.  The  average 
temperature  and  pressure  of  escaping 
steam  is  up  to  400°F  and  400  psi 
depending  on  the  pipe  size.  (1)  In  both 
cases,  the  incipient  failure  resulted  in 
the  long  term  exposure  of  LT  optical 
cable  to  such  a  harsh  hot  and  humid 


steam  environment.  The  cumulative 
effect  of  such  an  exposure  resulted  in 
cable  failures  in  both  cases.  A 
detailed  examination  of  the  failed  cable 
sample  revealed: 

(a)  Catastrophic  failure  of  PBT  tubes 
(Fig.  1) 


(b)  Swelling  and  degradation  of  fiber 
acrylate  on-line  coating  (Fig.  2) 


FIG. 1. PHOTOGRAPH  SHOWING  DEGRADATION  OF  PBT 
TUBES  IN  A  PLAIN  SHEATH  CABLE  FIELD  FAILURE. 


The  above  scenario  clearly  highlighted 
the  need  for  a  more  robust  cable  design 
which  can  be  successfully  used  in  such  a 
hostile  environment.  In  order  to 
provide  the  high  degree  of  reliability 
required  for  steam  applications,  cables 
must  be  designed  using  temperature  and 
hydrolytically  stable  materials. 
Additionally,  the  UV  acrylate  coated 
fibers  should  be  fully  isolated  from  the 
ingress  of  moisture. 

The  aim  of  this  investigation  is  to 
identify  the  engineering  requirements 
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for  steam  environment  applications.  The 
study  then  identifies  both  tube  and 
cable  jacketing  materials  which  are 
stable  in  such  hostile  environments. 

This  paper  discusses  in  detail  the 
material  compatibility  studies 
undertaken  along  with  the  evolution  of  a 
new  cable  design  based  on  a  simple  model 
and  the  results  of  experimental 
investigations . 


FIG. 2.  PHOTOGRAPH  SHOWING  SWELLING  AND 
DEGRADATION  OF  ACRYLATE  ONLINE  FIBER  COATINGS. 

2.0  THE  STEAM  ENVIROMMEKT 

The  steam  delivery  systems  in  place  in 
New  York,  Cleveland,  Boston  and 
elsewhere  contain  super-heated  moisture 
at  pressures  to  150  psi  or  more,  at 
temperatures  to  400 °F.  Two  modes  of 
steam  attack  on  fiber  optic  cables 
include  the  escape  of  steam  through 
fractures  in  the  antiquated  piping 
system,  or  water  external  to  the  steam 
delivery  system  boiling  on  contact  with 
the  piping.  For  example,  based  on  the 
thermodynamics  of  escaping  steam  from  a 
200  psi  tunnel,  at  400“^,  it  is 
estimated  that  the  maximum  exposure 
temperature  to  a  neighboring  cable  is 
250‘’F  to  280°F.  While  this  is  an 
anticipated  maximum  exposure,  practical 
experience  indicates  that  the  subject 
environment  at  the  caule  surface  is 
below  212“F. 

In  order  to  get  a  comprehensive  picture 
of  the  degradation  of  cable  components 
in  steam  environments,  the  effects  due 
to  any  chemicals  used  in  these  steam 
systems  have  to  be  qua;;citied.  Both  in 
Cleveland  and  New  York,  the  chemical 
con.stituents  of  steam  are  analyzed 
periodically.  Table  1  shows  such  an 
analysis  carried  out  for  #2  and  #4  steam 
canals  of  Cleveland.  The  chemical 


constituents  of  steam  are  shown  to  be 
non-corrosive  in  nature.  Similar  data 
has  also  been  obtained  for  steam  canals 
in  New  York.  Thus  the  degradation 
effects  due  to  chemical  constituents  of 
steam  are  negligible  and  hence  the 
primary  degradation  effects  of  concern 
in  steam  are  mainly  due  to  exposure  to 
high  temperature  and  humidity. 


Table  1 .  Analysis  of  Chemical  Constituents  in  City  Water 
and  Steam  of  Cleveland's  Ml  and  #4  Main  Steam  Canals 


Chemical 

Cv/.'.stituents 

(ppm) 

^  city 

Water 

steam 

1  02  Main 

Steam 
Canal 

Steam 
#4  Main 
Steam 
Canal 

1  Demineralized ( 
Water  1 

Calcium 

■75 

Nil 

Nil 

1 - - 1 

Magnesium 

45 

;  Nil 

Nil  i 

Sodium 

20 

10 

=  i 

Total  Electrolyte 

140 

10  1 

5  1 

5  1 

Bicarbonate 

100 

20 

15  1 

Carbonate 

0 

0  ' 

0 

Hydroxyl 

0 

0 

0  1 

0 

Suit ace 

10 

10 

Fluoride  1 

20 

0  1 

Chloride  ! 

30 

20 

20 

Nitrate  1 

_ ^ 

0 

0 

D  1 

Carbon  Dioxide 

0 

i  0 

0 

pH 

1  8.2 

e .  0 

8.0 

Conductivity 

29.0 

0.47 

0.49 

0.28 

Silica 

3 

10  j 

0 

Iron 

0 

0  : 

1  0 

Turbidity 

0 

1  0 

0 

TDS 

100 

1  65  1 

60 

Color  ! 

0 

1  ® 

0 

0 

Test  data  supplied  by  Cleveland  Thermal 
Energy  (courtesy  of  R.  Henry  Water 
Treatment  Corp.,  Ohio) 


3.0  MATERIAL  REQUIREMENTS 

The  key  issue  is  the  survival  of  the 
delicate  optical  fibers  when  exposed 
long  term  to  this  high  temperature 
steam.  Since  a  high  temperature  steam 
environment  is  conducive  to  hydrolysis 
of  both  polyesters  and  acrylates,  it  is 
evident  that  standard  PBT  tubes  in 
traditional  loose  tube  cable 
constructions  are  inappropriate  for  the 
protection  of  optical  fibers  in  this 
application.  Alternative  tube  and/or 
jacket  materials  are  therefore  required. 
Ideal  materials  must  fulfill  four  key 
requirements : 

1)  Matcria.i.s  must  be  stable  to  long¬ 
term  exposure  of  at  least  120°C. 

2)  Materials  must  be  hydrolytically 
stable . 

3)  Materials  must  suppress  moisture 
penetration  to  the  vicinity  of  the 
optical  fibers. 

4)  Materials  should  be  readily 
processible  using  existing 
equipment . 
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other  key  material  attributes  are  good 
chemical  and  compressive  resistance, 
high  strength  and  low  shrinkage. 

3 . 1  Tube  and  Material  Selection 

High  performance  polymers  like 
f luoropolymers  offer  one  obvious  choice 
for  tube  and  jacket  materials.  In  all 
four  tube  materials  were  evaluated  here, 
namely: 

Material  A:  A  PVDF-based  material  with 
a  stable  temperature  rating  of  around 
250<>F  (PVDF)  . 

Material  B:  An  amorphous 
Polyethersulphone  with  a  stable 
operating  temperature  of  greater  than 
SOQOF  (PES) . 

Material  C:  This  is  a  copolymer  of 
Ethylene  &  chlorotrif luoroethylene  with 
stable  operation  around  270°F  (E-CTFE) . 

Material  D:  Improved  hydrolytic 
stability  PBT. 

Some  properties  of  these  selected  tube 
materials  are  shown  in  Table  2. 

3 . 2  Tube  Processing 

PVDF,  PES  and  PBT  are  readily 
manufactured  using  standard  LT  Extrusion 
equipment.  E-CTFE  requires  the  use  of  a 
special  Hestalloy  Barrel  and  tooling. 
Excess  fiber  lengths  are  maintained  in 
the  desired  range  for  PES,  E-CTFE  and 
PPT.  However,  PVDF  material  had  lower 
melt  strength  and  high  post-extrusion 
shrinkage  resulting  in  rather  high  and 
poorly  controllable  excess  lengths. 

PVDF  is  therefore  not  acceptable 
candidate  tube  material  at  this  time. 

4.0  TDBE  MATERIAL  RELIABILITY  TESTING 

A  comprehensive  program  was  conducted  to 
evaluate  the  performance  of  these 
candidate  tube  materials.  Test  details 
are  outlined  below. 

4 . 1  Low  Temperature  Bend  Test 

Low  temperature  bend  is  performed  by 
wrapping  each  tube  ten  times  around  a 
mandrel  the  same  size  as  tube  O.D.  at 
-20°C  and  observing  for  any  kinks  or 
cracks  in  the  tubes.  Minimum  soak  time 
for  each  tube  was  two  hours. 

4 . 2  85°C/Jellv  Aging  Bend  Test 

After  test  I  is  completed,  tubes 
(secured  around  mandrel  ten  times)  are 
placed  in  a  pan  of  Naptel  851  jelly. 

The  pan  is  then  placed  in  a  temperature 
cabinet  at  85°C  for  30  days.  Tubes  are 


checked  for  further  signs  of  cracks 
after  5,  15  and  30  days  aging 
respectively . 

4 . 3  High  Temperature  Stress  Cracking 
Test 

Ten  turns  of  samples  of  each  material 
are  wound  on  x  5.0  and  x  10  mm  mandrels 
respectively  and  aged  for  30  days  at 
150‘’C/ambient  air  and  i70“C/ambient  air 
respectively.  Samples  were  checked  for 
cracks  after  1,  7,  15  and  30  days  aging 
respectively. 

4 . 4  Tube  Compression  Test 

Tube  samples  of  each  of  these  materials 
are  placed  between  compression  plates  in 
an  Instron  Tensilometer  and  compressed 
at  steady  rate  until  2700N  load  was 
reached.  Effective  tube  modulus  and 
yield  load  are  calculated  from  the  slope 
of  the  compression  curve. 

4.5  85°C/94%  R.H.  Tensile  Aging  Test 

Dumbbell  samples  of  materials  are  aged 
at  85“C/94%  R.H.  at  different  time 
intervals  of  15,  31,  45  and  60  days,  and 
tensile  tested  to  evaluate  degradation 
in  material  yield  strength  and 
elongation  at  yield. 

4.6  PBT  MFI  Aging  Test  in  100°C  Water 

Two  meter  cable  samples  containing  PBT 
tubes  are  boiled  in  100°C  water  with 
cable  ends  isolated  from  water.  Melt 
flow  index  of  standard  PBT  and 
hydrolytically  stable  PBT  tubes  is 
measured  and  compared  after  different 
aging  time  intervals. 

4 . 7  Tube  Shrinkage  Test 

2  m  tube  samples  are  soaked  for  24  hours 
at  120°C  and  tube  shrinkage  measured. 

Results  of  tests  4.1  to  4.4  are 
tabulated  in  table  3 .  Both 
polyethersulphone  and  E-CTFE  are  shown 
to  be  superior  in  performance  than  the 
hydrolytically  stable  form  of  PBT  in 

cyclic  cold  bend  flex  tests. 

Furthermore,  no  stress  cracking  is 
observed  up  to  30  days  exposure  at  170°C 
in  ambient  humidity  applications. 

Fig.  3  shows  the  variation  in  MFI  of  the 
two  types  of  PBT  in  100®C  boiling  water 
conditions.  It  is  clear  that 
hydrolytically  stable  PBT  shows  an 
improvement  but  is  still  prone  to 
hydrolysis  at  longer  time  interval  and 
therefore  it  would  be  unsuitable  for 
steam  duct  applications  and  is  not 
considered  further. 
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FIG.3  MFI  VARIATION  OF  PBT’S 

100  DEG.  C  BOILING  WATER 


Tensile  aging  data  is  shown  in  figure  4. 
PES  has  approximately  four  times  higher 
yield  load  as  compared  to  E-CTFE  even 
after  aging  for  60  days  at  94%  R.H. 

Tube  shrinkage  data  in  table  3  also 
shows  that  PES  has  the  lower  amount  of 
shrinkage  compared  to  E-CTFE.  Low 
modulus  and  low  shrinkage  are  beneficial 
in  minimizing  contraction  which  may 
cause  attenuation  increases  at  low 
temperature;  both  E-CTFE  and  PES  are 
expected  to  perform  well  in  cables. 

FIG.4  YIELD  LOAD  VERSUS  AGING  TIME 

85  DEG.C  &  94%  R.H. 


Based  on  the  excellent  mechanical 
properties  then,  the  best  choice  of  tube 
material  is  either  PES  or  E-CTFE  for 
steam  environments. 

5 . 0  CABLE  DESIGN 


In  completing  the  design  of  a  cable  for 
steam  duct  application,  the  following 
criteria  were  established: 


1.  Ingress  of  moisture  into  the  cable 
core  and  to  the  fibers  must  be 
either  suppressed  totally  or 
otherwise  retarded  sufficiently  for 
the  fibers  in  the  cable  to  operate 
for  years  without  any  adverse 
effects . 

2.  As  stated  earlier,  the  tube 
material  selected  must  be 
hydrolytically  and  temperature 
stable  up  to  120°C. 

3.  The  cable  jacket  should  also  be 
selected  such  that  it  is 
hydrolytically  and  temperature 
stable  up  to  120°C,  although  by  a 
judicious  design  of  intermediate 
moisture  barriers  surrounding  the 
cable  core,  ordinary  high  density 
or  medium  density  polyethylene  (PE) 
is  sufficient. 

4.  The  cable  should  meet  all  other 

mechanical  and  environmental 
requirements  normally  expected  of 
LT  Fiber  Optic  Cables,  i.e.,  as 
specified  in  Bellcore  document  TR- 
TS-20,  Issue  4 ,  (2) . 

5.1  Cable  Design  iteration 

In  order  to  arrive  at  an  optimized 
design  based  on  the  principles  of  multi¬ 
layer  moisture  barriers  incorporated 
within  the  cable  structure,  a  systematic 
experimental  investigation  was 
conducted.  The  starting  point  was  a 
standard  non-armored  polyethylene 
sheathed  PBT  LT  cable  design.  The 
performance  of  plain  sheathed  cable  was 
compared  to  cables  containing 
successively  improved  intermediate 
metallic  barriers,  utilizing  LAP  tapes, 
and  welded  aluminum  tubing. 

Cable  performance  was  evaluated  based  on 
cable  lifetime.  Because  of  the  known 
instability  of  PBT,  Melt  Flow  Index 
(MFI)  of  cabled  PBT  tubes  was  used  as 
the  primary  indicator  of  moisture 
ingress  to  the  core.  Additionally, 
Oxidation  Induction  Time  (OIT)  of  the  PE 
sheath  was  used  to  assess  the  external 
impact  of  the  environment  on  the  cable. 

5.2  Experimental  Cables 

Four  basic  cable  designs  were  evaluated, 
as  shown  in  Fig.  5,  i.e. 


1. 

LT  cable 
sheath 

with 

polyethylene 

(PE) 

2. 

LT  cable 
sheath 

with 

"wot 

LAP"  and 

PE 

3  . 

LT  cable 
sheath 

with 

"dry 

LAP"  and 

PE 
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4. 


LT  cable  with  welded  aluminum  tube 
and  PE  sheath 


FIG. 5  DIFFERENT  LOOSE  TUBE  OPTICAL  CABLE  DESIGN 


The  lap  sheath  cable  utilizes  a  two  side 
copolymer  coated  0.008"  aluminum  tape 
longitudinally  formed  over  the  LT  cable 
core.  In  the  'wet  lap'  version,  the 
cable  core  floodant  jelly  is  allowed  to 
seep  through  the  overlap  of  the  aluminum 
tape.  Axial  water  blocking  is  ensured, 
but  at  the  expense  of  a  good  seal  of  the 
overlap.  For  the  'dry  lap'  version,  a 
composite  polyester/waterblocking  tape 
is  applied  over  the  jelly  impregnated 
core.  This  contained  the  jelly  within 
the  core  thus  improving  the  efficiency 
of  the  lap  sealing  process.  The 
waterblocking  tape  then  acts  as  a 
moisture  barrier  for  any  axial  water 
flow. 

During  the  aluminum  welded  tube  process, 
an  eddy  current  detector  is  used  on-line 
to  detect  pinholes  during  the  weld 
process.  One  hundred  micron  pinholes 
can  be  detected  using  this  system.  Any 
pinholes  detected  are  filled  in  a  second 
pass  off-line  process. 

6.0  CABLE  PERFORMANCE  AND  RELIABILITY 
TESTING 

Two  parallel  test  plans  are  used  to 
determine  the  performance  capabilities 
of  the  intended  steam  resistant  cable 
designs . 

1.  First,  cable  manufactured  with  the 
intended  tube  materials  must  be 
verified  to  meet  as  a  minimum  the 
performance  specifications  of 
Bellcore  TR-TSY-000020 ,  Issue  4. 

2.  Secondly,  the  cable  must  exhibit 
high  reliability  in  the  subject 
steam  environment. 


6.1  Specification  Testing 

Dry  Lap  sheath  cables  housing  each  of 
the  tube  materials  were  subjected  to  the 
full  Bellcore  test  schedule.  Results 
are  indicated  in  Table  4. 

The  key  result  is  that  attenuation 
performance  of  the  fibers  over  the  -40 °C 
to  +70‘’C  temperature  range  is  excellent 
both  before  and  after  85®C  temperature 
aging.  All  mechanical  test  results  also 
exceed  the  minimum  requirements 
stipulated  in  the  Bellcore  document. 

6.2  Cable  Lifetime  Test  Methods 


In  order  to  simulate  a  pseudo  steam 
environment,  and  to  facilitate  testing 
in  the  laboratory,  a  100°C  boiling  water 
test  was  developed.  Cable  samples  were 
inserted  in  a  100 “C  water  bath  with 
cable  ends  isolated  from  the  water.  Top 
of  the  water  bath  is  covered  to  reduce 
evaporation  of  water.  Samples  were  aged 
for  the  following  time  intervals:  1 
day,  7  days,  15  days,  30  days,  60  days, 
90  days  respectively.  At  each  aging 
time  interval,  cable  samples  are  removed 
after  aging  and  then  examined  as 
follows : 

1.  Cable  is  dissected  at  the 
midsection  of  the  submerged  cable 
length  and  examined  for  any  signs 
of  degradation  in  cable  components. 

2.  The  Condition  of  PBT  tubes  was 
evaluated  for  visible  signs  of 
degradation  or  changes  in  handling 
characteristics . 

3.  Melt  flow  index  (MFI)  of  PBT  was 
measured  according  to  ASTM  D1238 
using  Tinius  Olsen  Extrusion 
Plastometer  under  the  following 
conditions : 


Test  Temperature:  250+  1°C 


Piston  Weight:  1  kg 

Preheat  Time  :  6  minutes  plugged 


Test  Time  : 
dependent  upon 


0.25  or  0.50  minutes 
flow  rate 


Orifice 


standard  stainless  steel 


A  method  for  sample  preparation  was 
developed  for  obtaining  repeatable  MFI 
results  on  cabled  PBT  tubes  (8) . 

4.  The  oxidation  induction  time  (OIT) 
of  polyethylene  sheath  of  the  aged 
cable  sample  was  measured  using  a 
DSC  module  of  Dupont  TA-9900 
thermal  analyzer.  Testing  was 
conducted  as  follows: 


International  Wire  &  Cable  Symposium  Proceedings  1991  59 


Sample  size:  5  -  10  mg 

Container:  open  aluminum 

Nitrogen  purge:  @  50  ml/min. 

Isothermal  at  ambient  temperature 
for  5  minutes  to  stabilize 
equipment . 

Equilibrate  sample  at  30°C 

Ramp  20°C  min."^  to  200°C 

Equilibrate  @  200°C 

Start  oxygen  purge:  @  50  ml/min. 

Measure  time  to  exotherm 

6.3  EXPERIMENTAL  RESULTS 

6.3.1  Melt  Flow  Index  Variation 

Polyester  materials  are  well  known  to 
undergo  hydrolysis  reactions  when 
subjected  to  high  temperature  and  high 
humidity  conditions  (3,4).  The 
hydrolysis  reaction  proceeds  by  scission 
of  the  main  polymer  chain  at  the  ester 
linkage.  This  results  in  a  reduction  of 
molecular  weight  of  the  polymer  and 
hence  an  increase  in  the  melt  flow 
index.  The  reduction  in  molecular 
weight  also  leads  to  a  reduction  in 
mechanical  strength  of  the  material  and 
eventually  leads  to  a  catastrophic 
failure.  Therefore  MFI  is  a  good  aging 
indicator  for  PBT  in  high  temperature 
humid  environments  and  thus  also  a  good 
indicator  for  moisture  propagation 
through  the  outer  sheaths. 

We  have  used  the  value  of  the  normalized 
melt  flow  index  >  10  as  a  criterion  to 
define  cable  lifetime.  This  value  has 
been  determined  empirically  to  be 
indicative  of  the  onset  of  cable 
failure,  as  demonstrated  by  increasing 
brittleness  of  PET  tubes.  Fig.  6  shows 
variation  in  MFI  for  different  aging 
time  intervals  under  lOO^C  boiling  water 
conditions  for  different  cable  samples. 
From  the  figure,  the  following 
inferences  can  be  made: 

1.  A  plain  sheathed  PBT  LT  cable 
degrades  very  quickly  in  a  harsh 
steam  environment.  Based  on  a 
100°C  boiling  water  test,  the 
lifetime  is  expected  to  be  only  9 
days . 

2.  An  improvement  is  made  by  using 
metallic  sheath  as  a  moisture 
barrier.  However,  it  is  obvious 
that  the  condition  of  the  seam,  or 
LAP  overlap,  plays  an  important 
role  in  determining  the 


imperviousness  of  the  cable 
structure  to  water. 

3.  It  is  clear  that  by  using  an 

Aluminum  welded  tube  to  enclose  the 
cable  core  a  substantial  increase 
in  cable  lifetime  is  achieved. 
Furthermore,  up  to  30  days  in  100°C 
boiling  water  there  is  no 
indication  of  hydrolysis  induced 
degradation  in  PBT. 


FIG. 6  MFI  VARIATION  FOR  DIFFERENT  CABLE  DESIGNS 


Figures  7  and  8  show  conditions  of  PBT 
tubes  in  both  plain  sheathed  and 
aluminum  welded  tube  cable  designs  for 
different  aging  times  in  100°C  water. 
There  are  no  visible  signs  of 
degradation  in  PBT  tubes  for  the 
Aluminum  welded  tube  cable  design. 


FIG  7  PHOTOGRAPH  SHOWING  CONDITION  OF  PBT 
TUnCJ  IN  PI  AIN  SHEa'^H  CARir 
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NOHMALlStD  OIT  Of  i’l 


ALUiM^  tube 

CONDfrt^^  ^FTER  BOtLING 
IN  100  DEG.C  WATER 

7  DAYS 


15  DAYS 


23  DAYS 


FIG.8  PHOTOGRAPH  SHOWING  CONDITION  OF  PBT 
TUBES  IN  At' 'MINIUM  WELD'SHEATH  CABIE 


FIG.9  DESIGN  CURVE  FOR  CABLE  LIFETIME  ESTIMATION 


FIG. 10  NORMALISED  OIT  VARIATION 

OF  PE  IN  100  DEG.C  WATER 


Ar,F;,DAVS) 


6.3.2  OIT  Variation  of  Polyethylene 

Sheath 


The  effects  of  steam  exposure  are  felt 
more  by  the  external  Polyethylene 
Sheath.  Oxidative  indication  time  (OIT) 
was  measured  for  polyethylene  sheaths  of 
cables  aged  in  100°C  boiling  water.  The 
OIT  value  is  defined  as  the  time  for 
oxidation  to  begin  at  an  elevated 
temperature  (typically  180  -  210°C)  in  a 
pure  oxygen  atmosphere  (5,6).  The  OIT 
value  is  related  to  the  stabilizer 
concentration  for  a  given  material  and 
stabilizer  package  (7) .  Fig.  10  shows 
the  variation  in  OIT  of  Polyethylene 
jacket  with  increased  aging  in  100°C 
boiling  water.  This  reduction  in  OIT 
corresponds  to  depletion  of  stabilizers 
by  the  high  temperature.  There  may  be 
some  migration  of  the  stabilizer  into 
the  cable  components. 

7.0  PERFORMANCE  MODEL 

Figure  9  shows  the  cable  lifetime  design 
curve  for  different  cable  designs 
incorporating  PBT  tubes.  An  Aluminum 
welded  tube  design  has  therefore  a 
predicted  long  lifetime  in  steam 
conditions,  estimated  to  at  least  14- 
times  the  lifetime  of  a  plain  sheath 
cable.  It  should  be  emphasized  here 
that  so  far  we  have  looked  at  PBT 
degradation  to  iterate  a  cable  design. 

It  can  be  further  shown  that  by  using 
PES  or  E-CTFE  the  longevity  of  the  cable 
will  be  further  enhanced  since  these 
materials  do  no  hydrolyze  or  degrade  in 
steam  conditions.  A  dry  LAP  sheath 
cable  was  manufactured  using  these 
materials  and  aged  in  the  100°C  boiling 
water  test.  There  is  no  sign  of 
brittleness  or  degradation  in  these 
materials,  where  in  the  same  cable  PBT 
was  disintegrating  within  20  days. 

From  Fig.  6,  it  is  clear  that  the  MFI  of 
PBT  follows  a  relationship  of  the  form: 

M  =  Mq  exp  (ot)  —  (1) 

where  M  =  MFI , 

Mq  =  MFI  at  t  =  0 
t  =  aging  time 

0  =  Aq  exp  (-Ej^/RT)  *  p’^  expresses  the 
Arrhenius  dependence  of  the  rate  of 
degradation  on  temperature  and  a 
proposed  power  law  dependence  on  the 
partial  pressure  of  moisture  available 
for  reaction. 

Aq  =  constant 

Ej^  =  activation  energy  for  the  scission 
reaction 

R  =  gas  constant 
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T  =  aging  temperature 

P  =  partial  pressure  of  water 

=  power  law  exponent 

Equation  (1)  yields  the  following 
equation  for  the  rate  of  change  of  MFI 
under  a  constant  temperature  and 
external  humidity  condition. 


where  dP/dt  =  mass  flow  rate  of  water 
into  the  tube  material. 

By  Tick's  law 

dP/dt  =  D  (dc/dx)  Ac  —  (3) 

where  D  =  Diffusivity  of  barrier  layer, 
dc/dx  =  concentration  gradient  of  water 
and  Ac  is  the  cross  section  for  water 
flux  propagation.  Substituting  equation 
(3)  into  (2)  leads  to: 


Considering  perpendicular  flow  through  a 
uniform  sheet  of  jacketing  material  into 
the  core  region, 

die  _  Co  -  Cii±)  _  _  ^  ^  ^ 


_  -DAcCo  ....  -  (4') 
it  X 


T(t)  =  Ac  Cot 

X 

By  substituting  equation  (7)  into 
equation  (4),  finally  gives  the  equation 
for  the  rate  of  change  of  MFI  as 
follows : 


The  degradation  can  therefore  oe 
minimized  by  either  reducing  the  cross 
section  for  moisture  flux,  for  example 
by  using  the  welded  aluminum  sheath,  or 
by  choosing  a  polymer  jacket  material 
with  equally  low  permeabilities  =  DCq. 
Unfortunately,  polymeric  materials  tend 
to  be  inherently  moisture  permeable. 


DIAGRAM  SHOWING  RELATIVE  MOISTURE  FLUX  FOR  DIFFERENT  SHEATH  DESIGNS 


where  Cq  is  the  equilibrium  moisture 
concentration  in  the  jacket,  Cj^(t)  is 
the  time  variant  moisture  concentration 
in  the  core  and  x  is  the  diffusion 
distance,  i.e.,  jacket  thickness.  This 
equation  assumes  that  immersed  in  water, 
the  sheath  reaches  its  equilibrium 
moisture  concentration  relatively 
quickly,  so  that  CQ(t)  =  Cq  is  constant. 
Also  in  the  case  of  PE  plain  sheathed 

cables,  the  moisture  concentration  in 
the  core  presumably  reaches  saturation 
quickly,  as  indicated  by  the  MFI  test 
results . 

If  we  assume  for  the  case  of  moisture 
preventative  cables  instead  that 
cencentration  in  the  core  is  very 
low,  as  for  the  welded  aluminum  sheathed 
cable,  then  CjL(t)  <<  1  and 


Figure  n  shows  the  relative  barrier 
strength  obtained  by  choosing  from  a 
variety  of  polymers  or  through  the  use 
hermetic  metallic  sheath,  with  values 
normalized  to  a  non-metallic  LDPE 
sheath.  Nylon-6  is  found  to  be  one  of 
the  best  choices  for  jacket  material 
based  on  permeability,  with  a  value  of 
.138  X  10  (cm^ (stp) cm) / (cm^  s  Pa) 

(9) .  While  almost  three  orders  of 
magnitude  better  than  PE,  this  level  of 
barrier  is  not  as  good  as  even  a  poorly 
applied  welded  aluminum  sheath. 

For  a  welded  aluminum  sheath  with  an 
average  loOurn  square  pinhole  occurring 
every  meter,  the  effective  barrier  is 
three  to  four  orders  of  magnitude  more 
effective  than  using  a  Nylon  sheath  with 
no  metallic  barrier.  Practical 
experience  indicates  a  pinhole  rate  of 
one  per  km  level.  Additionally,  it  is 
important  to  note  that  the  polymer 
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permeabilities  shown  are  at  25<’C. 
Permeability  increases  exponentially 
with  an  activation  energy  with 
increasing  temperature.  Hence  at  steam 
temperatures,  permeability  of  an  optimum 
least  permeable  polymer  will  increase 
substantially  thus  negating  its  initial 
function  as  an  effective  moisture 
barrier. 

8.0  CONCLUSIONS 

A  cable  design  study  was  undertaken  to 
evaluate  requirements  for  reliable 
operation  of  fiber  optic  cables  exposed 
to  high  temperature  steam  environments. 
Two  primary  requirements  are  that  the 
cable  maintain  mechanical  integrity 
after  long  term  aging  in  the  environment 
and  that  the  hydrolysis  sensitive  UV- 
acrylate  coated  optical  fibers  be 
isolated  from  moisture  ingress. 

Polyethersulf one  and  E-CTFE  have  both 
been  shown  to  be  suitable  in  terms  of 
temperature  and  hydrolytic  stability  for 
use  in  the  environment.  Both  materials 
have  rated  operating  temperatures  in 
excess  of  140°C.  PES,  evaluated  here 
for  the  first  time  for  use  in  loose  tube 
fiber  optic  cables,  has  exceptional 
mechanical  characteristics  and  is 
readily  processed  on  standard  LT 
extrusion  systems. 

A  model  has  been  developed  to 
demonstrate  the  effectiveness  of 
moisture  barriers  in  terms  of  polymer 
permeability  and  effective  moisture  flux 
cross  section,  as  determined  by  gaps  or 
pinholes  in  an  applied  metallic  sheath. 
The  best  performance  is  achieved  using  a 
welded  aluminum  tube  drawn  down  over  the 
inner  core.  Such  a  sheath  is  expected 
to  have  diffusion  rates  into  the  fiber 
vicinity  orders  of  magnitude  lower  than 
non-metallic  polymer  jackets. 

RIPCORD  ^ 


This  performance  was  verified  in  100°C 
boiling  water  tests  where  the  lifetime 
of  PBT-tube  cables  under  a  welded 
aluminum  sheath  has  an  expected  life 
approximately  14-times  that  of  the  same 
tubes  in  a  plain  sheath  cable. 

The  preferred  cable  design  shown  in 
Figure  12  utilizes  both  the  welded 
aluminum  sheath  and  the  high  performance 
tube  materials  to  provide  the  highest 
degree  of  protection  for  long  term 
operation  of  the  optical  fibers  in  the 
steam  environment. 
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FIG12  STEAM  RESISTANT  OPTICAL  CABLE  DESIGN 
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Dcnsit 


Melt  Flow  Index 


Ultimate  Tensile  Strenoth 


Elongation  at  Break 


Flextural  Modulus 


Crystalline  Melting  Point 


Linear  Expansion  Coefficient 


Water  Absorption  (24  hrs.  @  23^: 


ASTM  D  792 


ASTM  D1238 


ASTM  D  638 


ASTM  D  638 


ASTM  D  790 


ASTM  D  696 


ASTM  D  696 
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Table  2.  Properties  of  New  Tube  (Materials) 


Material  A  I  Material  B  1  Material  C I  Material  D 


12200 


40-80 


377000 


1.68 


3 


7000 


200 


240000 


1.31 


9 


7600 


>/=  50 


300000 


6.1x10-5 


0.04 


5.5x10-51 


0.7 


1  X  10  -4 


<0.1 


Material  B 


No  cracks  or  kinks 


Low  Temperature  Cold 
Bend  Test  (-20  C) 
M.andrcl  Size  =  2.5  mm 
10  Turns 


II  Bend/S5  C  Jelly  Aging 
After  5  days 
After  10  days 
After  15  days 


III  Stress  Cracking 

(1)  150C/Ambicni  Air 
30  days  soak 

(2)  170C/Ambicnt  Air 
30  day  soak 


IV  Tube  Compression 
Compressive  Modulus  (N/mm) 
Yield  Load  fN) 


V  Tube  Shrinkage 
120  C/24  hours 


Table  3.  Tube  Material  Reliability  Data 


No  further  cracks  or  kinks 
No  further  cr.acks  or  kinks 
No  further  cracks  or  kinks 


No  cracks 


RESULTS 


Material  C 


No  cracks  or  kinks 


Material  D 


No  cracks 
S  kinks 


No  further  cracks  or  kinks 
No  further  cracks  or  kinks 
No  further  cracks  or  kinks 


No  further  cracks  or  kinks 
No  further  cracks  or  kinks 
No  further  cracks  or  kinks 


No  cracks 


Specificaiion  Requiremenc 


AU  auenuation  incasuremenu 
at  1.S5  um. 

(1)  </»  0.20dB/kni  maxiinurn 
loss  increase. 

(2)  </»  0.10  dB/km  mean  toss 
increase. 

(3)  80%  fibers  </»  0.1  dB/km 
at  2nd  -400 


Drv  LAP  Cable 


(1)  </■  O.lOdB/kfn  maxiinuin  lou 
inaease. 

(2)  </«■  0.05  dB/km  mean  loss 


Dry  LAP  Cable 


E-CTFE  and  PBTTubes 


1(1)  01028  dB/km  mean  lou  -  mat  C 
lube  0.046  dB/km  mean  loss  •> 
PBTtube 
1(2)  Pui 


(1)  </■  0.4  dB/km  maximum  loss 
increase. 

Pass 

(2)  </m  OJO  dB/km  mean  lost 
increase. 

Pass 

Pa» 

(3)  80%  fibers  </-  0.20  dB/km 
at  2nd  >40  C. 

Pass 

Pus 

</>  0.10  dB  Ion  It  600  tbs. 

</»  0.05  dB  loss 

0.06  dB- Mac  C  lube 
<  0.04  dB- PUT  lube 

</•  0.10  dB  loss  increase  at 
2200Nload.  No  increase  at 

0.03  dB  loss  change  for  load 
up  to  4.4  KN. 

0.01  dB  change  in  mat  C  8c  D 
lubes  at  2.2  KN. 

release. 


</«  0.20dB@4l(g  load 


</«  0.10  dB  change  at  X  20 
cable  O.D.  mandrel  size 


</»  0.10  dB  change 


X  1 7  mandrel  0.02  dB  change 


0.0)  dD  change  at  up  lo  6  kg. 
no  damage  to  any  cable  componenu 


X  25  mandrel  -  no  damag.;  or  alien 
uation  change  iviih  6  kg. 


TatAe  4.  nKpcnmcmal  Cables:  Spedfication  Testing  Data 
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ABSTRACT 

Radiating  (Leaky)  coaxial  cables  are  used 
extensively  for  radio  communications  in  tun¬ 
nels,  mines,  and  buildings  where  they  imp¬ 
rove  signal  transmission  by  acting  as  con¬ 
tinuous  antennas.  This  paper  describes  the 
characteristics  of  a  design  using  two  rows  of 
apertures  in  the  outer  conductor,  and  barrier 
tapes  to  improve  flame  performance.  In 
addition  to  improvement  in  attenuation,  this 
design  with  appropriate  non-halogenated 
jacketing  meets  stringent  fire,  smoke,  and 
toxicity  requirements.  Characteristics  of 
cables  using  halogenated  materials  are  3lso 
discussed,  and  manufacturing  techniques 
and  system  applications  are  presented. 


INTRODUCTION 

The  terms  "Radiating",  "Leaky",  and  "Slotted"  are 
used  interchangeably  in  technical  literature  to 
describe  any  coaxial  cable  with  either  continuous 
or  intermittent  apertures  (openings)  in  the  outer 
conductor.  Though  there  are  substantial  differ¬ 
ences  between  various  designs,  these  cables  will 
all  function  as  continuous  antennas  for  radio  and 
microwave  communications.  The  use  of  radiating 
coaxial  cables  has  increased  several  fold  during 
the  past  decade,^  for  distributed  communications 
systems.  Typical  applications  are  systems  for 
subways  and  hwhway  and  rail  tunnels, high 
rise  buildings,^ and  underground  mines.^^”^ 
Additionally,  leaky  cables  are  finding  use  in  more 
novel  applications,  such  as  soil  moisture  sen¬ 
sing, and  area  access  detection^"^  for  security 
systems. 


Improvements  in  the  performance  of  these  sys¬ 
tems  are  largely  dependent  on  improvements  in 
the  overall  design  and  performance  of  the  radi¬ 
ating  cables.  The  major  considerations  are  fire 
safety,  electrical  transmission  properties,  and 
mechanical  handling  characteristics. 

Radiating  coaxial  cables  are  frequently  installed  to 
implement  communication  systems  in  confined 
spaces  such  as  subway  tunnels,  mines  and  buil¬ 
dings.  Following  a  number  of  large  scale  fires, 
there  are  a  number  of  national  and  international 
fire  codes  and  other  regulations  that  prohibit  the 
use  of  electrical  cables  unless  they  meet  certain 
flame  spread,  smoke,  and  toxicity  requirements. 

Optimum  electrical  transmission  requires  lowest 
longitudinal  attenuation,  which  allows  the  system 
designer  to  maximize  the  distance  between  rep¬ 
eaters,  and  minimize  system  cost.  Important  me- 
chatwcal  performance  parameters  are  adequate 
flexibility  at  sub-zero  temperatures,  and  good 
resistance  to  abrasion,  and  resistance  to  various 
fluids  and  exhaust  gases.  Designs  showing  these 
desirable  features  must  also,  of  course,  be  suitable 
for  continuous  manufacture  at  reasonable  produc¬ 
tion  speeds. 

To  meet  these  various  technical  challenges  new 
radiating  coaxial  cables  have  been  developed.  This 
paper  examines  the  various  technical  aspects  of 
these  new  radiating  cable  designs,  their  perfor¬ 
mance  characteristics,  manufacturing  methods, 
and  some  applicatioas  in  systems. 

DESIGN  CONSIDERATIONS 

Electrical  Design  Improvements 

The  important  electrical  parameters  for  a  radiating 
cable  are,  of  course,  attenuation  and  coupling  loss. 
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Reflection  levels  (VSWR)  may  occasionally  be  of 
concern,  but  typical  systems  operate  quite  satisfac¬ 
torily  without  particularly  stringent  VSWR  re¬ 
quirements  for  the  radiating  cables.  Adjustment  of 
coupling  loss  to  the  desired  level  (typically  in  the 
range  60  dB  to  85  dB  down  from  the  signal  level 
in  the  cable)  is  readily  achieved  by  adjusting  the 
geometry  of  the  radiating  apenures.  Improving 
the  attenuation,  however,  implies  improving  the 
loss  of  the  basic  coaxial  cable  from  which  the 
radiating  version  is  made. 


Attenuation  Improvement 

The  choice  of  materials  for  such  a  cable  will 
usually  already  be  optimum.  Thus  high  conduc¬ 
tivity  copper  or  copper-clad  aluminum  is  used  for 
the  conductors,  and  electrical  grades  of  polyethy¬ 
lene  for  the  insulation.  Now  consider  reduction  in 
attenuation  of  a  foam  dielectric  corrugated  coaxial 
cable  of  given  size  (outer  conductor  diameter). 
The  characteristic  impedance,  which  is  deter¬ 
mined  by  the  system,  and  the  degree  of  corruga¬ 
tion  (for  flexibility),  will  also  be  fixed.  The  only 
way  to  dectease  attenuation,  then,  is  to  teduce  the 
quantity  of  dielectric  material. 

This  reduces  the  cable  loss  in  two  ways.  Firstly, 
the  dielectric  loss  contribution  is  directly  reduced 
by  the  decreased  volume  of  material.  Secondly, 
the  size  of  the  inner  conductor  must  be  increased 
for  the  increased  cable  velocity  (lower  dielectric 
constant)  to  maintain  a  constant  characteristic 
impedance.  This  reduces  the  RF  resistance,  and 
hence  the  attenuation  contribution,  of  the  inner 
conductor.  For  the  low-loss  materials  used  in  cable 
construction  the  magnitudes  of  the  two  effects  are 
comparable. 

In  the  past,  radiating  versions  of  typical  foam 
dielectric  coaxial  cables,  utilizing  the  so-called 
"standard  density"  foam  dielectric  (foams  having 
densities  in  the  range  0.4  to  0.5)  were  found  to 
operate  quite  satisfactorily  with  a  single  row  of 
radiating  apertures  along  the  length  of  the  cable. 
This  simple  geometry,  however,  would  not  pro¬ 
vide  adequate  performance  for  the  "low  density" 
dielectric  cables  (with  foam  densities  around  0.2). 
Con.scquently,  design  enhancements  were  made  to 
improve  the  performance  of  these  low  density 
radiating  cables,  as  detailed  later  in  this  paper. 


Fire  Safety 

As  noted  previously,  fire  safety  properties  of  leaky 
coaxial  cables  are  important  because  of  the  nature 
of  their  applications.  Conventional  radiating 
coaxial  cables  are  inherently  limited  in  their 
degree  of  flame  retardancy,  because  of  the  aper¬ 
tures  in  the  outer  conductor,  especially  when  the 
outer  sheathing  is  a  halogen  free  polymer.  This  is 
because  on  exposure  to  fire,  the  flammable  insula¬ 
tion  melts,  flows  through  the  apertures  and  itself 
bums  and  increases  the  rate  of  flame  propagation. 
Such  a  cable  fails  large  scale  fire  tests. 

There  are  various  ways  to  arrest  the  flow  of 
molten  insulation.  One  is  to  use  a  fire  retardant 
polymer  as  the  insulation.  A  second  approach  is  to 
crosslink  the  insulation  thus  preventing  the  mel¬ 
ting  and  flowing  of  the  insulation.  However,  use 
of  a  flame  retardant  polymer  for  insulation  pur¬ 
poses  is  detrimental  to  the  transmission  charac¬ 
teristics  of  the  cable  duejo  the  additives  in  the 
polymer,  and  crosslinking  can  also  have  adverse 
effects  on  the  transmission  properties,  in  addition 
to  the  high  costs  a.ssociated  with  this  process. 

To  overcome  the  problem  of  enhanced  flame 
spread  due  to  the  dielectric  insulation,  we  have 
developed  a  radiating  cable  which  uses  a  different 
approach.  Our  design  utilizes  a  virgin  polymer  as 
the  insulation,  a  non-halogenated  polymer  as  the 
jacket  material  and  a  flame  barrier  tape  between 
the  outer  conductor  and  the  jacket.^^  The  purpose 
of  the  flame  barrier  tape  is  to  contain  the  molten  plas¬ 
tic  inside  the  cable,  thus  minimizing  the  flame  spread. 
This  type  of  design  meets  appropriate  fire,  electrical 
and  mechanical  peribrmanCe  criteria  as  detailed  later 
in  this  paper. 


EXPERIMENTAL  METHODS 


F.lcctrical  Measurements 

Typical  equipment  the  attenuation  measurements 
is  shown  in  Figure  1 .  These  measurements  are 
performed  by  u  standard  swept-frequcncy  method, 
and  an  1  IP  Model  8753  Network  Analyzer  may  be 
used.  The  cable  may  be  floor  or  wall  mounted. 
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Test  i'.(|iii[>nK‘nt  for  Moasunnj*  Cable 
Attenuation 

I'igiire  2  shows  ii  ineiiiod  for  measuring;  the  at¬ 
tenuation  of  the  cable  <it  various  separations  from 
a  concrete  surfact'. 


Test  I  xjuipment  for  Coupling  Loss 
Measurement 

Signal  Generator  and  I  ninsmit  Antenna 
>> 


X  ^ 

l  igure  2 

Method  for  Measuring  the  Attenuation  <if  the 
Ctible  tit  Vtirious  Separations  from  tlie 
Surface 

Coupliii;.;  loss  measuieiiieiits  tire  p'^rlormed  by 
using  tin  1 11’  Modr-I  K5t)2l?  Spectrum  An;ily/er.  i  IP 
Model  S2St)!l  Sweep  Oscillator  tind  ti  dipole 
antenn;i.  lest  etjuipment  for.coupling  loss  metisu- 
rements  is  shown  in  f  igures  ']  tiiul  4.  'I'he  ctible  to 
be  nietisured  is  mounted  on  the  wtill  of  the  test 
ari'a  tind  connected  to  the  spectrum  tintily/er 
(receiver).  A  "ciiri"  carries  the  signtil  genertitor 
iitui  transmit  iintenna.  and  moves  parallel  to  the 
calif' 


I  t!st  l•.(lulpment  for  Coupling  boss 
Measurement 

Spectrum  Analy/er  and  Computer 


Because  of  the  phasing  effects  when  combining 
the  ef'mental  signals  received  fn'tn  all  points  of 
the  ciihle.  coupling  loss  chanicteristics  ;it  high 
lrei|uencies  (>10l)  Mil/.)  show  considenible 
viiriaiion  tilong  ilie  k'ngih  ol  the  cable.  This  effect 
is  rather  less  jironounced  when  the  measurements 
are  performed  indoors,  where  retlections  trom 
walls,  lloor  and  ceiling  mid  to  fill  in  tlu'  deep 
nulls  til, It  are  seen  in  outdoor  iiH-asurenienis  t  or 
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this  reason,  we  use  the  results  of  indoor  measure¬ 
ments  for  coupling  losses,  as  these  conditions 
more  closely  resemble  the  situations  in  typical 
systems. 

Coupling  losses  are  measured  at  a  standard  dis¬ 
tance  of  20  feet  (6m)  from  the  cable  using  a  tuned 
dipole  antenna  at  each  frequency.  After  zeroing 
the  receiver  (spectrum  analyzer)  at  the  internal 
power  level  in  the  cable,  measured  levels  directly 
indicate  coupling  losses  relative  to  a  dipole  receive 
antenna.  Figure  5  shows  the  mounting  of  a 
radiating  cable  on  a  wall  for  coupling  loss  measur¬ 
ements. 


Figure  5 

Radiating  Cable  Mounted  on  a  Wall  for 
Coupling  Loss  Measurement 

A  digital  data  acquisition  system  stores  coupling 
loss  data  as  this  varies  along  the  length  of  the 
cable,  and  the  median  data  point  (50%  probability 
point)  is  chosen  as  the  resultant  "coupling  loss". 
Choosing  the  median  point,  rather  than  some 
mean  value,  also  makes  the  coupling  loss  indepen¬ 
dent  of  the  linearity  of  the  amplitude  display.  A 
typical  coupling  loss  plot  is  shown  in  Figure  6. 

All  the  above  tests  were  done  in-house  by  using 
the  standard  procedures. 
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Figure  6 

Typical  Coupling  Lo.ss  Plot 

Fire  Tests 

4 

Fire  propagation  characteristics  of  the  cables  were 
determined  according  to  the  methods  described  in 
the  Underwriters  Laboratories  Standards  and  in 
the  International  Electrotechnical  Commission 
(lEC)  Standards.  Cables  were  tested  in  the  order 
of  severity  of  flame  test,  as  follows 

UL  VW-1  Vertical  Wire  Test 

UL  1581/IEEE  383/IEC  332-3  Venical  Tray  Test 

UL  1666  Riser  Test 

UL  910  Steiner  Tunnel  Test  . 

A  summary  of  the  above  fire  test  procedures  is 
given  in  Tables  1  and  2.  Diagrams  of  the  actual 
test  configurations  are  presented  in  a  recently 
published  anicle.^^ 

All  the  fire  tests  were  performed  at  the  Underwriters 
Laboratories,  Nonhbrook,  Illinois. 

Smoke  and  Tbxicitv  Tests 

Smoke  and  toxicity  tests  were  performed  at  well 
recognized  independent  analytical  laboratories.  A 
summary  of  the  various  tests  and  the  corresponding 
properties  measured  is  shown  in  Table  2. 

The  NF-^S  71 1  and  ASTM  1'662  tests  are  performed  i»n 
3"  X  3"  sample  platpies  of  jacket  material  and  give  a 
reasonable  indication  of  the  smoke  intensity.  The  3- 
meter  cube  test,  by  contrast,  uses  the  actual  cable 
samples.  Because  of  this,  the  3-mcter  cube  test  is 
generally  considered  to  l)e  the  more  realistic  for 
measuring  smoke  generation. 
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Mechanical  Tests 


TABLE  2 


The  following  mechanical  tests  were  performed  on  the  SUMMARY  OF  THE  FLAME,  SMOKE,  TOXICITY, 

finished  cable  samples.  AND  CORROSIVITY  TESTS 


Cold  bend  at  sub-zero  temperatures 
Room  temperature  reverse  bends 
Abrasion  resistance 
Tensile  properties  of  the  jacket 

All  the  above  tests  were  done  in-house  using  ap¬ 
propriate  standard  procedures. 


TABLE  1 

SUMMARY  OF  THE  FLAME  TEST  PROCEDURES 


Test 

Procedure 

Sample  Fails  Test 

If 

VW-1 

816°C  Flame  is 

1.  Cable  supports 

applied  for  15 

flame  longer 

sec.  each  ap¬ 
plication  with 

than  60  sec. 

15  sec.  between 

2.  Emits  flaming 

applications,  or 

drops  which 

cessation  of 

ignites  the 

burning  which¬ 

cotton  on  the 

ever  is  longer. 

floor. 

UL 

A  70,000  Btu 

1 .  Cables  are 

1581 

flame  is  applied 

blistered  and 

for  20  minutes 

charred  at 

to  cables  on  a 
vertical  tray. 

8  feet  level. 

UL 

A  512,000  Btu 

1 .  Cables  must  not 

1666 

flame  is  applied 

propagate  flame 

for  30  minutes 

to  the  top  of  the 

to  cables  in  a 

12  foot  high 

test  chamber. 

compartment. 

UL 

A  300,000  Btu 

1 .  Flame  travel 

910 

flame  is  applied 
for  20  minutes 

exceeds  5.0  ft. 

to  cables  on  a 

2.  Peak  smoke 

horizontal  tray 

optical  density 

inside  a  tunnel 
with  240  fpm 

exceeds  0.5  . 

draft. 

3.  Average  smoke 
optical  density 
exceeds  0.15  . 

TEST 

MEASURED  PROPERTY 

VW-1 

Flame  Spread 

lEC  332-1 

Flame  Spread 

UL1581 

Flame  Spread 

lEC  332-3 

Flame  Spread 

IEEE  383 

Flame  Spread 

UL1666 

Flame  Spread 

UL910 

Flame  Spread  &  Smoke 
Densitv 

ASTM  E  662 

Smoke  Density 

NES  711 

Smoke  Index 

3  Meter  Cube 

Smoke  Density 

NES  713 

Toxicity  Index 

VDE  0472 
Mil-C-28640 

Acid  Gas  /  Corrosivity 
pH 

RESULTS  AND  DISCUSSION 


Transmission  Characteristics 

Measurements  of  Single  Slotted  Cables:  Initial 
experiments  with  radiating  versions  of  "low  den¬ 
sity"  foam  dielectric  cables,  with  a  single  row  of 
radiating  apertures,  showed  unacceptable  sen¬ 
sitivity  of  the  attenuation  to  the  proximity  of 
certain  mounting  surfaces  (conducting  or  electric¬ 
ally  lossy),  and  excessive  variation  of  attenuation 
with  the  orientation  of  the  radiating  apertures 
with  respect  to  the  mounting  surface.  These 
effects  are  shown  in  Figure  7  for  an  experimental 
1-5/8"  foam  cable.  For  comparison,  the  attenua¬ 
tion  of  the  unslotted  coaxial  cable  is  also  shown  in 
Figure  7.  It  is  seen  that  in  the  worst  case  the 
actual  losses  for  this  configuration  are  large 
compared  with  the  inherent  or  minimum  loss  to 
be  expected. 


70  International  Wire  &  Cable  Symposium  Proceedings  1991 


This  increased  sensitivity  to  environment  occurs 
with  low  density  cables  because  the  higher  inter¬ 
nal  propagation  velocity  increases  the  coupling 
between  the  internal  wave  and  external  surface 
waves  on  the  cable,  which  are  responsible  for  the 
radiated  fields. 

In  a  first  attempt  to  reduce  this  sensitivity  to 
environment,  some  sample  cables  were  manufa¬ 
ctured  with  reduced  numbers  of  radiating  aper¬ 
tures,  to  reduce  the  coupling,  the  apertures  being 
placed  in  groups  separated  by  lengths  of  unper¬ 
forated  cable.  This  gave  improvements  in  at¬ 
tenuation  performance,  but  there  were  now 
unacceptably  large  VSWR  "spikes"  at  frequencies 
related  to  the  separation  of  the  groups  of  aper¬ 
tures,  as  shown  in  Figure  8.  Such  large  VSWR 
spikes  also  give  correspondingly  large  increases  in 
attenuation  at  these  particular  frequencies.  Whilst 
individual  cables  made  in  this  way  can  always 
have  the  slot  geometry  adjusted  to  "tune"  the  cable 
to  an  individual  users’s  requirement  for  a  single 
narrow  frequency  band,  the  presence  of  multiple 
VSWR  spikes  can  present  problems  for  multi-band 
or  broad  band  systems. 

To  avoid  creating  these  VSWR  spikes  then,  a  con¬ 
tinuous  structure  was  needed  for  the  radiating 
apertures  (or  quasi-continuous,  as  in  our  case  of 


closely  spaced  holes).  A  geometry  of  two  rows  of 
slots,  separated  by  180°  around  the  circumference 
of  the  cable,  was  now  tried. 


200  400  600  800  1.000 


MHz 

Figure  8 

Return  Loss  vs  Frequency  Plot 
for  a  Radiating  Cable  with 
Periodic  Groups  of  Slots 

Measurements  of  Double  Slotted  Cables:  Variation 
of  attenuation  with  distance  from  the  mounting 
surface,  and  orientation  of  the  radiating  slots  with 
respect  to  the  mounting  surface,  are  shown  in 
Figure  9  for  a  1-5/8"  low  density  foam  dielectric 
cable  (of  the  same  foam  density  as  that  of  Figure 
8).  Again  the  imslotted  coaxial  cable  attenuation 
is  also  shown.  It  is  seen  that  there  is  substantial 
improvement  over  the  initial  results  for  the  single 
slotted  cable. 
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Figure  7 

Variation  of  Attenuation  at  1700  MHz  with 
Distance  from  Concrete  Mounting  Surface 
for  a  Single  Slotted  Radiating  Cable 
Cable  Size:  1.625" 


Figure  9 

Variation  of  Attenuation  at  1700  MHz  with 
Distance  from  Concrete  Mounting  Surface 
for  a  Double  Slotted  Radiating  Cable 
Cable  Size:  1.625" 
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It  would  be  inferred  from  the  degree  of  improvem¬ 
ent  from  the  single-row  slot  geometry  to  the 
double-row,  that  using  three  or  more  rows  would 
be  even  better.  However,  though  a  many-row 
geometry  will  show  no  orientation  sensitivity,  it 
poses  difficulties  in  the  manufacturing  process. 
The  design  with  two  continuous  rows  of  radiating 
apertures  gives  satisfactory  electrical  performance. 

Effects  of  Exposure  to  Environment:  Since  radia¬ 
ting  cables  are  often  installed  in  road  and  rail 
tunnels,  it  is  imponant  to  know  the  effects  of  salt 
or  other  chemicals  that  may  be  used  for  de-icing 
during  winter.  To  simulate  these  effects,  we  sub¬ 
jected  cable  samples  to  a  continuous  salt  spray  for 
more  than  a  year.  Results  of  these  tests  are  sum¬ 
marized  in  Table  3. 

tabit:  3 


EFFECr  OF  SAIT  WATER  ON 
CABli-  ATlENUAnON 


CABLE 

lYPE 

I<REQ. 

%  CHANGE  IN 
AlTliNUAnON 

FIAME 

150 

12 

8 

RETARDANT 

450 

11 

14 

900 

7 

15 

1700 

5 

15 

NON-FIAME 

150 

17 

11 

RETARDANT 

450 

16 

18 

900 

9 

14 

1700 

6 

9 

Most  of  the  increase  in  attenuation  occurs  during 
the  first  week  of  exposure  to  salt  spray,  the  amo¬ 
unt  of  increase  being  up  to  1 7%  .  This  initial  in¬ 
crease  in  attenuation  is  seen  in  both  flame  retar¬ 
dant  and  non-flame  retardant  jacketed  cables.  At 
150  MHz,  there  is  no  measurable  increa.se  in 
attenuation  after  the  first  week  for  either  cable 
type.  However,  at  higher  frequencies  both  cables 
showed  continued  increase  in  attenuation,  even 
though  the  increase  is  not  very  significant.  The 
increase  was  mainly  due  to  the  salt  deposits  over 
the  jacket.  When  the  cable  was  washed  with  dis¬ 
tilled  water,  the  attenuation  was  found  to  return 
to  clo.se  to  the  original  value. 


Coupling  Losses:  Coupling  losses  were  found  to 
depend  just  on  the  slot  sizes  for  these  radiating 
cables,  and  essentially  did  not  vary  between 
different  constructions  where  only  details  of  flame 
barrier  tape  and  jacket  material  were  changed. 
This  is  to  be  expected  when  the  dielectric  loss 
factors  of  tapes  and  jacket  materials  are  very 
small. 

Fire  Propagation  Characteristics 

Cables  with  Halogen-Free  Jacket:  The  results  of 
flame  tests  of  cables  with  halogen  free  jackets  are 
presented  in  Table  4.  The  cable  designs  use  a  non- 
halogenated  flame  retardant  polymer  as  the  outer 
jacket  and  cellular  insulation  of  virgin  polyethy¬ 
lene.  It  can  be  seen  from  Table  4  that  a  sample 
with  no  flame  barrier  tape  passed  only  the  VW-1 
test.  When  the  apertures  on  the  outer  conductor 
of  the  cable  are  covered  with  a  flame  barrier  tape, 
the  cable  meets  the  requirements  of  the  vertical 
tray  flame  te.sts,  i.e.  Ul,  1581,  IEEE  383,  and  lEC 
332  Part  3.  Utilizing  double  tapes  (wrapping  in 
clockwise  and  counterclockwise  directions  over 
the  outer  conductor)  has  provided  additional  fire 
resistance  and  the.se  .samples  pa.ssed  the  UL  1666 
riser  test.  However,  the  same  cable  would  not 
pass  the  more  severe  UL  910  test,  the  "Steiner 
tunnel"  test  for  plenum  cables.  This  is  expected  of 
cables  with  halogen  free  jackets  due  to  their  low 
limiting  oxygen  index  (1.01)  values. 

Cables  with  Halogenated  Jacket:  Though  halogen 
free  radiating  cables  are  used  in  tunnels,  subways, 
and  elevator  shafts  for  radio  communications, 
their  use  el.sewhere  inside  buildings  is  limited 
because  halogen  free  cables  are  not  presently 
capable  of  meeting  the  most  stringent  fire  test,  the 
UL  910  standard.  At  many  locations  in  the  USA, 
the  building  codes  dictate  that  cables  installed  in 
plenums  and  ducts  should  pass  this  UL  910  test  if 
they  are  to  be  used  without  conduit. 

For  plenum  applications  it  is  nece.s.sary  to  u.se 
fluoropolymer  resin  for  both  insulation  and  outer 
jacketing.  A  radiating  cable  sample  so  constructed 
passed  the  UL  910  test,  as  shown  in  Table  4.  It  is 
not  necessary  to  use  a  flame  barrier  tape  with  this 
type  of  cable  because  of  the  inherently  high  level 
of  flame  resistance  offeretl  by  the  fluoropolymers. 
Radiating  plenum  cables  are  now  increasingly 
used  in  hospitals  for  remote  patient  monitoring 
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systems,  as  well  as  in  other  large  buildings  for 
conventional  radio  communications. 

TABLE  4 

FLAME  TEST  RESULTS  ON  RADIATING 
COAXIAL  CABLES 

Sample:  Cable  with  a  halogen-free  jacket  and 
cellular  polyethylene  insulation. 


TEST 

FLAME 

BARRIER 

TAPE 

RESULT 

REMARKS 

VW-1 

None 

Pass 

- 

UL 

1581 

One  tape 

Pass 

Flame 
Spread 
<  6  ft. 

UL 

1666 

Two  tapes 

Pass 

Flame 
Spread 
<  8  ft. 

Sample:  Cable  with  fluoropolymer  jacket  and 
cellular  fluoropolymer  insulation. 


Test 

UL910 

Flame 

Spread 

(ft.) 

Peak 

Smoke 

Density 

Average 

Smoke 

Density 

RESULT 

3.5 

0.25 

0.07 

REQUMT. 

5.0 

0.50 

0.15 

Cables  with  Flame  and  Moisture  Resistance 

Leaky  coaxial  cables  are  installed  extensively  in 
underground  tunnels  and  in  mines,  where  con¬ 
ditions  can  be  very  damp.  Under  these  circumsta¬ 
nces,  the  cable  should  be  kept  dry  and  protected 
from  water  ingress  into  the  cable,  to  prevent 
undue  increase  in  attenuation.  For  applications 
involving  damp  surroundings,  then,  the  cables 
should  have  adequate  moisture  resistance  in  addi¬ 
tion  to  flame  retardancy.  We  have  constructed 
prototype  radiating  cables  having  both  flame  and 
moisture  resistance. 


The  design  uses  both  a  flame  barrier  tape  and  a 
water  blocking  tape  over  the  outer  conductor  and 
a  flame  retardant  jacket.  The  cable  sample  passed 
the  UL 1581  Vertical  Tray  Flame  Test.  The  sample 
was  also  tested  for  water  migration  using  the 
method  described  in  REA  PE-39  and  met  the  re¬ 
quirements. 

National  Electrical  Code®  Requirements 

Under  the  Article  820  of  the  National  Electrical 
Code,  1990^^  edition,  ail  coaxial  cables  for  radio 
and  microwave  applications,  including  radiating 
cables,  are  classified  as  CATV  cables.  The  NEC 
classification  of  flame  retardant  cables  for  specific 
applications  is  shown  in  Table  5.  The  four  levels  of 
classification  correspond  to  the  four  levels  of 
flame  test  of  Table  1 . 

tabit;  5 

NAnONAL  ELECTRIC  CODE  CLASSIFICAnON  OF 
CATV  CABLES  FOR  RADIO  AND  MICROWAVE 
APPUCAnONS 


Designation 

Type 

Application 

CATVX 

(VW-1) 

CATV 

Cable 

Limited  Use 

For  use  in 
raceways  and 
dwellings. 

CATV 

(UL  1581) 

CATV  Cable 

General  pur¬ 
pose  except  in 
risers  and 
plenum. 

CATVR 

(UL  1666) 

CATV  Riser 
Cable 

For  use  in 
vertical  run  in 
a  shaft  or  from 
floor  to  floor. 

CATVP 

(UL  910) 

CATV 

Plenum 

Cable 

For  use  in 
ducts,  plen¬ 
ums,  and  other 
air  handling 
spaces. 

Note:  CATVX,  CATV  and  CATV  rated  cables  must 
be  listed  as  being  flame  retardant. 

CATVP  rated  cables  must  be  flame  retardant  and 
also  should  have  low  smoke  producing  charac¬ 
teristics. 
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Cables  made  to  the  designs  described  in  this  paper 
meet  one  of  the  two  highest  flame  retardancy 
ratings,  CATVR  or  CATVR  Thus  cables  with 
halogen  free  jackets  and  flame  barrier  tapes  are 
rated  as  CATVR  and  those  with  halogenated 
materials  for  both  jacket  and  insulation  are  rated 
as  CATVP 

Smoke.  Toxicity,  and  Corrosivity 

In  addition  to  flame  retardancy,  users  are  now 
selecting  cables  based  on  the  smoke  and  toxicity 
characteristics  in  the  event  of  a  fire.  After  stud¬ 
ying  the  results  of  several  fires,  it  has  been  found 
that  the  most  damaging  factors  are  often  the 
smoke,  toxicity,  and  corrosivity  of  the  combustion 
products,  rather  than  the  actual  fire  intensity. 

A  non-halogenated  radiating  cable  sample  was 
tested  for  smoke,  toxicity,  and  corrosivity  accor¬ 
ding  to  the  standard  test  methods  described  in 
Table  1 .  The  results  are  summarized  in  Table  6. 


The  results  of  the  acid  gas  generation  and  cor¬ 
rosivity  tests  show  that  the  gases  evolved  are  not 
highly  corrosive.  They  are  only  very  weakly  acidic, 
which  is  the  major  reason,  of  course,  for  using 
non-halogenated  materials. 

Mechanical  Performance 

All  samples  were  tested  for  their  mechanical 
performance  using  standard  procedures.  The 
results  showed  that  cables  with  halogen  free  outer 
jackets  perform  quite  satisfactorily.  Thus,  for 
example,  cables  can  be  bent  at  -25°F  without 
developing  cracks  in  the  outer  jacket.  Jacket  elon¬ 
gation  was  found  to  be  approximately  110%, 
which  is  normal  for  a  heavily  filled  halogen  free 
polymer  composition.  Cables  for  plenum  applica¬ 
tions  showed  better  mechanical  performance, 
because  unfilled  virgin  fluoropolymers  are  used  in 
these  constructions. 

MANUFACTURING  TECHNIQUES 


TABLE  6 

SUMMARY  OF  TYPICAL  VALUES  ON  SMOKE, 
TOXICITY,  AND  CORROSIVITY  OF  FIRE  GASES 


Continuous  manufacture  of  this  type  of  leaky 
coaxial  cable  involves  the  use  of  specialized  tools 
and  techniques. 


Property 

Typical  Value 

Smoke  Index 

35.0 

Smoke  Density,  D^.^^ 

Flaming  Mode 

67.0 

Smoldering  Mode 

225.0 

Smoke  Test  on  a 

7/8"  Size  Cable 

Ao(On) 

0.56 

A„(Of0 

1.12 

Toxicity  Index 

0.465 

Acid  Gas  Evolution 

Conductivity,  pm/cm 

14.0 

pH 

5.0 

It  is  seen  that  the  cable  shows  very  low  values  for 
smoke  index,  smoke  density  and  toxicity  index. 
The  cable  also  meets  the  current  UK  smoke  stan¬ 
dard  for  London  Underground  Limited  (LUL) 
when  tested  according  to  the  3-meter  cube  test. 


The  first  step  is  to  extrude  the  primary  insulation 
onto  a  copper  wire  or  tube  (depending  on  the  size 
of  the  cable).  This  is  followed  by  addition  of  the 
ou*^er  conductor  by  a  "seam  welding"  process, 
which  forms  a  tube  from  a  flat  copper  strip  using 
a  set  of  forming  rolls.  The  edges  of  the  strip  are 
joined  using  Tungsten  Inen  Gas  (TIG)  welding, 
the  cable  is  sized  at  a  sizing  station  and  finally  is 
passed  through  a  annular  corrugating  process. 

The  necessary  apertures  in  tF  ■  corrugated  outer 
conductor  are  cut  using  r  process  which  also 
ensures  removal  of  all  mf  al  chips.  The  slots  are 
cut  just  on  the  "crests”  of  the  corrugations  so  that 
the  foam  insulation  inside  is  not  damaged. 

Application  of  tf  j  llame  barrier  tapes  is  performed 
using  a  stand  irU  taping  machine.  One  tape  is 
wrapped  spirally  clockwise  and  another  counterc- 
lockwisr.  .\dequate  overlap  is  provided  to  ensure 
complete  coverage  of  the  apertures. 

Alter  taping,  the  cable  passes  through  a  conven¬ 
tional  extruder,  and  a  suitable  halogen  free  flame 
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retardant  jacketing  compound  is  applied  over  the 
tape. 

If  the  cable  is  intended  for  plenum  applications, 
the  sequence  of  manufacturing  operations  is 
similar,  except  that  there  is  no  flame  barrier  tape 
and  the  outer  Jacket  is  a  fluoiopolymer  material. 

Figure  10  shows  a  typical  radiating  cable  with 
flame  barrier  tape  and  a  halogen  free  outer  Jacket. 


Figure  10 

Radiating  Coaxial  Cable  with  a  Flame 
Barrier  Tape  and  a  Non-Halogenated 
Flame  Retardant  Outer  Jacket 

SYSTEMS  APPLICATIONS 


Double-slotted  low  density  foam  dielectric  radia¬ 
ting  coaxial  cables  of  the  type  described  in  this 
paper  find  wide  application  in  conventional  two- 
way  radio  systems  for  subways,  tunnels,  buildings 
etc..  More  recently,  these  cables  have  also  been 
incorporated  into  similar  systems  to  extend  cel¬ 
lular  radio  coverage  into  buildings  and  tunnels.^® 

A  typical  system  uses  bi-directional  amplifiers  to 
compensate  for  the  longitudinal  attenuation  of  the 
cable,  the  separation  of  the  amplifiers  depending 
on  the  size  (attenuation)  of  the  cable,  the  ampl¬ 
ifier  gain,  and  the  other  system  operating  parame¬ 
ters.  A  full  discussion  of  the  system  design  con¬ 
siderations  appears  in  the  quoted  reference. 


This  type  of  radiating  cable  has  also  been  used 
extensively  in  a  communication  system  for  the 
construction  phase  of  the  English  Channel  Tunnel 
project.^^  Again,  bi-directional  amplifiers  are 
used  to  compensate  for  the  cable  attenuation.  The 
referenced  article  provides  a  comprehensive 
description  of  the  system. 


CONCLUSIONS 

In  this  paper  we  have  presented  some  of  the  most 

recent  advances  in  the  designs  of  radiating 

(leaky)  coaxial  cables.  Our  primary  conclusions 

from  this  work  are: 

1.  Conventional  high  foam  density,  single 
slotted  versions  of  radiating  coaxial  cables 
often  showed  higher  levels  of  attenuation. 

2.  To  reduce  the  attenuation,  radiating  cables 
with  two  rows  of  apertures  separated  by 
180°  on  the  circumference  of  the  cable 
were  developed.  Cables  of  this  design  were 
found  to  be  less  sensitive  to  the  effects 

of  the  mounting  surface. 

3.  A  continuously  slotted  geometry  also 
exhibits  no  VSWR  spikes.  Designs  with  a 
periodic  group  of  slots  show  large  VSWR 
spikes. 

4.  Radiating  cable  designs  with  two  flame 
barrier  tapes  and  a  halogen  free  outer 
Jacket  are  listed  as  CATVR,  for  riser 
applications. 

5.  The  non-halogenated  radiating  cable  also 
showed  very  low  levels  of  smoke,  toxicity, 
and  corrosivity. 

6.  Cables  with  fluoropolymer  insulation  and 
Jacketing  are  listed  as  CATVP  for  plenum 
applications. 

7.  The  new  radiating  cables  are  found  to  be 
working  satisfactorily  at  various  locations, 
around  the  world. 
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Abstract 


Identification  system  for  metallic  twisted 
pairs  requires  inter ference - f ree 
identification  for  any  services.  There  are 
many  kinds  of  telecommunication  services  on 
metallic  cables,  such  as  telephone,  analog 
data,  digital  data  transmission  and  so  on. 
On  circuits  of  these  services, 
identification  need  to  be  performed 
accurately  and  to  give  no  intervention  for 
all  transmission.  This  paper  addresses  very 
effective  technique  to  identify  a  pair 
without  interference  on  services. 


1.  INTRODUCTION 

In  order  to  have  efficient  metallic  cable 
replacement,  a  transfer  splicing  system 
should  not  cause  any  intervention  in  working 
loops,  such  as  data  transmission.  An 
avoidable  task  in  transfer  splicing  is  pair 
identification.  The  splicing  and  pair 
identification  need  to  be  performed  in  such 
a  way  as  to  allow  error-free  for  data 
transmission.  The  focus  of  this  paper  is  a 
microprocessor-controlled  pair 
identification  system  which  is  executed 
eliminating  interference  of  data  services. 
In  this  system,  the  most  important  operation 
is  that  the  system  classifies  circuits  and 
provides  proper  identification  processes  for 
various  kinds  of  transmission. 


2.  Effective  Identification  System 

To  perform  pair  interference-free 
identification  for  various  data 
transmissions,  an  identification  system 
modifies  its  internal  processes  according  to 
the  transmitting  circuits.  The 
identification  system  described  in  this 
paper  has  the  following  functions; 

1)  Automatic  circuits  classification 

2)  Pair  identification 

3)  Tip/ring  identification 

4)  Imbalanced  circuits  identification 


The  functions  above  are  all  achieved  without 
interference  of  any  services. 

Figure  1  shows  the  identification  system. 
The  system  consists  of  central  office  and 
field  units.  Both  units  are  controlled  by 
the  CPU  and  are  connected  to  each  other 
with  a  modem  to  exchange  operation  results 
and  to  proceed  to  the  next  steps.  The  main 
tasks  of  the  C.O.  unit  are  classifying 
circuits,  generating  tone  signals  and 
supervising  field  units.  On  the  other  hand, 
pair  and  tip/ring  identification  are  the 
assignments  for  the  field  unit. 


Ii:  I*:s‘e:  i(et:!li: ’ir 


Figure  1.  Identification  system  with 
automatic  classification 
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3.  Circuits  Classification 

Signal  transmissions  used  on  metallic 
twisted  pairs  are  classified  with  terminated 
impedances,  such  as  600  O,  which  are  for 
analog  signal  transmission,  and  110  0  for 
digital  data  transmission.  There  is  a  power 
loss  of  7  dB  for  identification  signals  ( 
hereafter  called  tone  signals  ),  when  tone 
signals  are  applied  to  circuits  that  are 
terminated  with  different  impedances  between 
600  n  and  110  n.  In  the  identification 
process,  it  is  necessary  that  tone  signals 
are  detected  at  higher  levels  for  all 
circuits  terminated  with  different 
impedances,  so  that  the  identification 
process  is  performed  accurately.  The 
proposed  identification  system  adjusts  the 
power  level  of  tone  signals  according  to 
terminated  impedances  pair  circuits. 

Tone  signals  in  the  system  have  no  effect  on 
data  transmission  because  tone  signals  in 
tip/ring  identification  are  applied  as  low 
as  the  noise  level,  -60  dBm.  Detecting  these 
tone  signals  needs  an  extremely  intricate 
technique  because  of  this  low  level. 
Basically,  the  process  is  done  by  examining 
and  locking  their  phases  in  the  phase  of  a 
reference  signal  so  as  to  improve  the 
signal-to-noise  ratio.  Therefore,  at  the 
beginning  of  identification,  an  initial 
adjustment  is  necessary  to  make  the  phase 


difference  between  the  tone  and  reference 
signals  zero.  Phase  adjusting  of  the  tone 
signal  against  the  reference  signal  is  done 
using  a  balanced  circuit  and  holding  it  as 
initial  data  for  tip/ring  identification. 

In  identifying  imbalanced  circuits,  such  as 
telephone  lines  not  used  by  users,  and 
circuits  for  security  services,  the  above 
identification  will  not  work  because  there 
is  a  phase  adjustment  violation.  There  is 
also  interference  in  transmitting  signals  on 
imbalanced  circuits  with  tone  signals. 

For  these  reasons  it  is  necessary  for  the 
identification  system  to  notice  or 
acknowledge  the  states  of  pairs,  and  to 
classify  them.  Classification  categories 
are; 

a)  Telephone  services 

b)  Data  services 

b-1 )  digital  services 
b-1-1 )low  speed 
b-l-2)high  speed 
b-2)  analog  services 
b-3 )  security  services 

c)  Open  pairs 

After  classifying  the  above  pairs,  tone 
signals  are  applied  at  the  proper 
transmitting  level  for  them.  Furthermore,  if 
3  circuit  is  imbalanced,  a  distinctive 
identifying  process  is  provided.  Figure  2 
shows  the  classifying  flow  of  the  system. 


Figure  2.  Classification  flow 
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3.1  Classification 

3.1.1  Telephone  Circuits 

Telephone  circuits  that  are  not  used  by 
users  are  normally  imbalanced  circuits,  such 
as  when  one  of  pair  is  connected  to  the 
ground  line  and  the  other  is  given  DC  -48 
volts.  The  circuits  are  shown  in  Figure  3. 
To  classify  the  circuit,  tip  and  ring 
voltages  must  be  measured. 

The  screening  condition  for  these  circuits 
is  normally 

Tip  (v)  >  -1  volts 
and 

Ring(v)  <  -43  volts 

(  Above  condition  depends  on  , .  ) 


S.hr  :e-  Sf 


Figure  3.  Non-working  telephone  circuits 


In  Figure  3,  if  a  tone  signal  is  applied  to 
a  pair,  the  signal  will  be  flown  thorough 
another  pair  either.  They  have  the  ground 
line  as  a  common  line.  As  a  result,  accurate 
identification  is  impossible.  Also,  since 
one  of  a  pair  is  connected  to  the  ground, 
tone  signals  have  significant  power  loss, 
making  identification  difficult.  To  solve 
this  problem,  resistance  is  used  to 
terminate  telephone  circuits  after 
classifying  them  as  non-working.  (  This 
termination  is  called  forced  off-hook.  ) 
While  the  forced  off-hook  is  being 
performed,  the  system  confirms  whether 
termination  has  succeeded  or  not  by 
detecting  400  Hz  signals  as  dial  tones  from 
.  If  termination  continues  for  more  than  20 
seconds,  the  will  cause  the  lines  to  be 
busy,  a  hindrance  for  users.  To  avoid  this, 
the  forced  off-hook  by 


the  system  is  continued  only  for  about  15 
seconds . 

There  is  also  the  possibility  that  users 
will  use  telephones  while  the  system  is 
identifying  a  pair  terminating  circuits.  In 
this  case,  the  tone  signal  intervenes  with 
the  circuits.  The  system  must  identify  off- 
hook  situations  caused  by  users.  Here,  the 
system  checks  voltages  of  tip  and  ring  to 
identify  pairs.  To  distinguish  between  off- 
hook  by  users  and  the  forced  off-hook  by  the 
system,  resistance  for  termination  is  chosen 
so  as  to  cause  different  voltages  from  that 
of  normal  off-hook  termination. 

Moreover,  when  a  telephone  is  ringing,  the 
circuits  is  imbalanced.  This  can  ’-esult  in 
identification  not  being  performed  properly. 
In  this  situation,  the  system  detects  a  16 
Hz  signal  which  is  for  ringing,  and  stops 
identifying  a  pair  during  telephone  ringing. 

In  all  cases,  the  system  regularly  checks 
voltages  of  telephone  circuits  so  as  not  to 
interfere  with  telephone  lines  for  users. 


3.1.2  Security  (around  return  )  circuits 

Security  services  use  imbalanced  circuits 
where  one  of  a  pair  is  connected  to  the 
ground,  or  not  terminated  at  the  end  of  the 
circuits.  The  characteristic  of  circuits  is 
that  pulses  are  transmitted  at  50  b/s 
between  one  of  a  pair  and  the  ground.  The 
remaining  pair  is  not  used,  and  is  affected 
by  induced  noises  where  phases  are  the  same 
as  data  signals.  Therefore,  identifying  this 
circuit  is  easily  executed  by  the  outputs  of 
two  signals  on  the  tip  and  ring,  determined 
by  adding  their  amplitudes.  In  this  case  the 
output  is  not  zero.  However,  with  this 
method,  it  is  impossible  to  differentiate 
between  security  circuits  and  telephone 
circuits  in  ringing.  As  far  as  telephone 
circuits  are  concerned,  ringing  signals  have 
very  high  amplitude,  about  200  /^.^,,  which 
indicates  that  the  threshold  level  for 
classifying  can  be  set  easily  to  identify 
security  circuits.  Moreover,  in  security 
circuits  at  50  b/s  speed  data  transmission, 
pulse  intervals  are  about  two  seconds  each. 
Hence ,  class!  f  ication  must  be  done  for  at 
least  two  seconds. 


3.1.3  Digital  Circuits 

Digital  data  services  where  pulses  are 
transmitted  at  low  speed,  such  as  3.2  kb/s 
of  line-bit  rate,  have  a  power  spectrum 
which  affects  the  tone  signal  of  the  system. 
Furthermore,  the  power  of  tone  signals 
varies  by  about  7  dB  depending  on  the 
circuits  in  respect  to  terminated 
resistances  (  600  0,  110  n  ).  Tone  signals 

have  about  7  dB  power  loss  when  they  are 
sent  thorough  circuits  terminated  with  110 

n. 
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(a) 
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Result  o‘  Integration  :  Fosiive 

(b) 

Analog  Signal 
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=  -  U  LJ 
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Resu't  of  Integration  :  Negative 

(  c) 

Figure  4.  Classifying  digital  service 


It  is  necessary  to  have  proper  gain 
adjusting  of  tone  signals  in  digital 
circuits  to  hold  the  signal-to-noise  ratio 
at  a  requested  value  (  -60  dBm  ) .  The 
classification  process  of  the  system  is 
performed  by  measuring  the  time  when  data 
signals  are  at  zero  volts.  The 

classification  is  shown  in  Figure  4  (a). 

Threshold  levels  are  set  at  nearly  zero 
volts  as  v^j^+  and  v^^^- .  Time  is  measured  when 
data  signals  are  between  v^j^+  and  v.,^- . 
Integration  of  time  can  indicate  whether  the 
signals  are  pulses  or  waves.  Figure  4  (b) 
and  (c)  show  the  difference  of  this 
integration. 


3.1.4  Open  Circuits  (  No-User  Lines  ) 

Open  circuits  can  be  classified  as  both  tip 
and  ring  are  zero  volts  in  DC.  Any  remaining 
circuits  that  cannot  be  identified  belong  to 
this  category. 


4.  Pair  Identification 


There  are  a  lot  of  pairs  in  a  metallic 
cable.  It  is  convenient  to  identify  first  a 
unit  containing  identifying  pairs.  A 
conventional  pair  identification  method  is 
used  for  the  process  of  this  system,  but  in 
the  system,  the  same  tone  signals  are 
applied  to  both  the  tip  and  ring 
respectively. 


Figure  5.  Pair  identification 


Figure  5  shows  the  pair  identification 
circuit.  Tone  signals  of  tl.a  same  phase  and 
amplitude  are  input  between  the  ground-tip 
and  ground-ring.  This  means  that  tone 
signals  do  not  cause  any  voltage  differences 
between  the  tips  and  rings  of  pairs  as  far 
as  balanced  Circuits  are  concerned. 
Therefore,  this  pair  identification  can  be 
performed  without  any  inter'-ention  of  data 
services  as  balanced  circuits.  Since  tone 
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lo*  Pc'S  filter 


signals  are  applied  to  both  tips  and  rings, 
the  tone  signals  can  be  set  to  a  high  power 
level.  For  this  reason, 

tone  signals  can  be  detected  with  non- 
contact  probes.  However,  inducing  signals 
occur  in  other  pairs,  making  precise  tip  and 
ring  identification  difficult.  Therefore, 
there  is  tip/ring  identification  in  this 
system  to  compensate  for  this  disadvantage. 


5.  Tip  and  Ring  Identification 

5.1  Requirements  for  Identification 

Pair  identification  is  performed  using  the 
same  tone  signals  for  a  pair.  This  method  is 
not  suitable,  however  for  tip/ring 

identification,  because  it  is  impossible  to 
differentiate  between  the  tip  and  the  ring. 
Therefore,  different  tone  signals  with  the 
same  amplitude  but  with  a  180  degree  shift 
in  phase  are  applied  to  tip  and  ring  of  a 
pair.  Since  different  tone  signals  are  input 
for  transmitting  circuits,  voltage 

differences  normally  occur  between  the  tip 
and  ring  in  a  circuit.  It  is  apparent  that 
the  voltage  difference  develops  noises  for 
data  transmitting  signals  in  balanced 

circuits.  Therefore,  a  requirement  is  that 
tone  signals  must  have  very  low  transmitting 
power  levels.  To  detect  such  low  power 

signals  at  the  detecting  points,  a  unique 
technique  to  improve  the  signal-to-noise 
ratio  is  required.  The  following  techniques 
are  proposed  to  improve  the  s/n  ratio. 

a)  Synchronized  addition  in  the  time  domain 

b)  Using  very  narrow  frequency  band 

c)  Synchronized  addition  in  the  frequency 
domain 


3 


C  zxzvxzx 


Figure  6.  Principle  of  tip/ring 
identification 


Figure  7.  Tip/ring  identification  process 
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Here,  methods  a)  and  c)  are  not  realistic 
because  of  cost.  Therefore,  method  b)  is 
used  in  the  identification  system.  The  basic 
principle  of  identification,  shown  in  Figure 
6,  is  based  on  the  principle  of  Lock-in¬ 
amplifier.  It  is  powerful  enough  to  detect 
very  low  level  signals. 

Identification  established  on  Lock-in¬ 
amplifier  can  be  used  for  pair 
identification  as  well.  But,  since  tone 
signals  are  very  low  level,  non-contact 
probes  cannot  be  used  to  identify  pairs. 
They  are  not  suitable  because  identification 
becomes  quite  inefficient.  Figure  7  shows 
the  identification  process. 


5.2  Principle  of  Tip/Rino  identification 

In  Figure  6,  let  a  tone  signal  be 
Ei  =ei  xcos  ( w  t:+4)) 


Here,  ())  :  Phase  shift  in  a  identifying 

circuit . 

Let  the  reference  signal  Er  be 
Er=erxcos tw 


Now  the  output  Eo,  which  is  obtained  from 
multiplication  of  the  tone  signal  by  the 
reference  signal,  becomes 


Eo=-i  xeixer  +  -i  xeixxer xcos  (2(0  t+<ti) 


5 . 3  Frequency  and  Level  of  Tone  Signal 

To  choose  the  frequency  of  tone  signals,  the 
following  points  are  considered. 

a)  The  tone  signal  must  hold  its  power  to  a 
detecting  point  at  its  frequency 

b)  The  frequency  of  tone  signals  does  not 
exist  near  the  spectrum  of  data 
transmission. 

By  the  above  reasons,  the  frequency  of  tone 
signals  are  determined  as  being  lower  than 
that  of  the  voice  bandwidth.  (  The  frequency 
is  chosen  50  Hz  ~  300  Hz.  ) 

The  power  level  of  tone  signals  is  lower 
than  -60  dBm  for  both  cases  in  which 
circuits  are  terminated  with  600  Q  and  110 
O.  (  Resistances  of  loops  are  neglected.  ) 

5.4  Classifying  for  Identification 

The  above  principle  based  on  lock  in 
amplifier  works  only  for  balanced  circuits, 
since  a  phase  adjustment  is  done  on  balanced 
circuits.  It  is  necessary  to  classify 
circuits  to  determine  whether  identification 
is  suitable  or  not.  Also,  the  power  level  of 
tone  signals  is  maintained  at  -60  dBm  when 
classifying  terminated  impedances,  such  as 
600  fi  and  110.  In  this  point,  digital  and 
analog  services  are  classified  as  mentioned 
in  3.1.3.  After  classifying  circuits,  the 
identification  system  modifies  its 
identification  processes. 


5.4.1  Open  Circuits  Identification 


Hence,  if  phase  <t>  is  adjusted  as  0=0,  output 
Eo  is 


1  1 

Eo-—xeixer*—  xei  xerxcos2u  t 
2  2 


Moreover,  integration  of  Eo  is 

Eo-— xeixer 
2 


Open  circuits  and  non-working  telephone 
circuits  are  imbalanced  circuits.  However, 
they  can  be  balanced  circuits  if  resistance 
such  as  1  kO  terminates  a  pair.  The  system 
first  classifies  these  circuits,  and 
terminates  them  to  make  them  balanced.  Then, 
the  tip/ring  identification  is  applied. 


5.4.2  Low  Speed  Data  Transmission 


If  the  tone  signal  phase  is  delayed  180 
degrees,  the  output  becomes 


Therefore,  the  integration  output  can 
indicate  the  tip  or  ring  of  a  pair.  In  the 
system,  tip  and  ring  tone  signals  have 
differences  in  phase.  One  of  them  is  delayed 
180  degrees.  Their  amplitudes  are  the  same. 
Then,  the  integration  of  output  Eo  is  the 
result  of  tip/ring  identification  of  the 
system . 


Digital  data  signals  are  classified  to 
maintain  tone  signal  level  of  tip/ring 
identification.  But  this  is  not  enough  for 
the  accurate  identification.  Data  signals 
transmitted  at  low  speed,  such  as  3.2  kb/s 
at  line  bit  rate  have  a  spectrum  near  the 
frequency  of  tone  signals.  This  disturbs 
tip/ring  identification  because  the  tone 
signals  cannot  maintain  a  better  s/n  ratio. 
TO  keep  a  proper  s/n  ratio,  detecting 
circuits  for  tone  signals  eliminate  data 
signals  on  pairs  at  a  certain  threshold 
level  using  clipper  circuits.  This  process 
is  shown  in  Figure  8. 
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Band  Pass  Filter 


After  classifying  circuits  as  security 
service,  the  C.O.  unit  sends  a  start  signal 
to  sample  data  signals  to  the  field  units. 
At  the  identifying  points,  considering  a 
delay  time,  the  data  signals  are  sampled  by 
the  C.O.  unit.  The  data  are  compared  with 
the  sampling  data  of  the  field  units.  The 
identification  result  are  right  if  the 
comparison  is  completely  correct. 


7.  Performance  of  System 


<;for  Another  Digital  Data  Services 
BiFor  Lon  Sceed  Digital  Data  Service 


Figure  8.  Clipping  digital  signal 

6.  Identification  of  Security  Circuits 

The  identification  methods  employed  in  the 
system  can  be  applied  only  to  balanced 
circuits.  However,  imbalanced  circuits  such 
as  security  circuits  also  need  to  be 
identified.  After  the  classifying  process, 
a  special  identification  technique  is 
provided  for  imbalanced  circuits.  In 
general,  security  circuits  use  one  of  a  pair 
and  the  ground  line.  The  pattern  of  data 
signals  is  very  simple.  In  the  system,  the 
character  of  signals  is  sampled  and  compared 
at  both  identifying  .points.  In  Figure  9 
shows  this  identification. 


Using  the  proposed  identification  system, 
error-free  identification  is  achieved  for 
data  services,  as  shown  in  Table  1.  Both 
pair  and  tip/ring  identification  processes 
are  performed  without  any  interference  in 
data  transmission.  In  the  table,  the 
identification  system  can  be  applied  to  the 
fastest  data  service  for  twisted  metallic 
pair,  ISDN  320  kb/s.  Even  in  this  service, 
there  is  no  error  cause  while  the 
identification  is  performed. 

The  tone  signals  are  at  quite  low  levels. 
However,  the  distances  in  which 
identification  produced  the  correct  results 
are  desirably  long.  This  is  shown  in  Table 
2. 


Table  1.  Identified  data  services  in 
interference- free 


Transmission  Speed 

lodiilation  system 

1,200 

b/'s 

FSK 

MODEM 

2,  HO 

b/s 

PSK 

1,800 

b/s 

PSK 

8,  600 

b/s 

QAM 

Line  bit  rate 

Transmission  code 

3.  2 

kb/s 

Digital 

codec 

AMI 

6.  1 

kb/s 

DSU 

1  2.  8 

kb/s 

61 

kb/'s 

320 

kb/s 

TCM  ISDHBtD 

FijIdUni* 


Figure  9.  Security  service  identification 
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Table  2.  Maximum  distance  for  identification 


Shuji  Asakawa 


Gauge  of  conductor 

(mm) 

U 

0.5 

0.65 

0.9 

Pair  Identification 

(km) 

1  5 

n 

26 

28 

lip/Ring  Identification  (km) 

1  5 

25 

28 

35 

Identifing  Loop  :  Open  circuit 
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8 .  Conclusion 


An  identification  system  should  perform 
without  intervention  of  services,  including 
data  transmission.  To  make  an  identification 
system  suitable  for  all  circuits,  it  is 
required  that  the  identification  process  is 
adjusted  properly  according  to  miscellaneous 
service  loops.  The  identification  system 
introduced  in  this  paper  has  automatic 
classification  for  services,  and  it  prepares 
the  suitable  identifying  process  for  them. 
In  the  identification  process  itself,  the 
system  has  two-way  identification,  pair  and 
tip/ring  identification.  Both  are  performed 
without  any  interference  of  services.  In 
classifying  service  circuits  services,  the 
system  adjusts  its  processes  properly  for 
efficient  identification.  Hence,  the 
principle  of  Lock-in-amplifier  is  utilized 
for  tip/ring  identification,  and  tone 
signals  are  kept  at  a  low  power  level. 
Therefore,  the  possibility  of  interrupting 
or  causing  an  error  in  services  is 
eliminated . 
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Template  Testing  at  DSl  and  DS3  Line  Rates  for 
Transmission  Studies  of  Twisted  Pair  and  Coaxial  Cables 
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Abstract 

Template  testing  at  DSl  (1.544  Mb/s)  and 
DS3  (44.736  Mb/s)  digital  rates  are  stan¬ 
dard  wit)iin  Bell  Operating  Companies  for 
systems  typically  utilizing  a  high  rate 
optical  multiplexer,  metallic  cable  and 
cross-connect  equipment.  This  paper 
addresses  the  test  criteria  and  test 
methodology  for  qualifying  cables  for 
use  in  these  cross-connect  circuits. 
Particular  attention  is  focused  on  the 
usefulness  of  these  tests  for  verifying 
the  transmission  performance  of  newly 
designed,  shielded,  twisted  pair  cables 
and  smaller  diameter  mini-coaxial 
cables . 


1.  Introduction 

Pacific  Bell  has  been  evaluating  the 
transmission  performance  of  many  newly 
designed  twisted  pair  and  coaxial  cables 
as  the  needs  for  the  reduction  of  cable 
congestion  in  overhead  rac(\S  and  the 
introduction  of  DSl  and  DS3  services  for 
small  size  business  customers  have  been 
addressed.  This  paper  focuses  on  the 
construction,  electrical  characteristics 
and  intended  use  of  each  type  of  cable 
tested.  It  also  outlines  the  rationale 
behind  DSl  and  DS3  testing  from  a  systems 
point  of  view.  Details  of  the  templates 
are  given  that  precisely  define  the  upper 
and  lower  limit  boundaries. 


Cables  which  meet  the  DSl  or  DS3  template 
become  qualified  for  use  in  cross-connect 
systems  that  will  nominally  provide  10 
exp  -9  or  better  bit  error  rate  (BER) 
service.  The  test  template  is  the 
Fourier  Transform  representation  of  the 
quantifiable  electrical  transmission 
performance  parameters  of  the  cable. 

This  paper  details  the  validity  of  the 
template  test  in  relation  to  a  "standard" 
test  cable.  A  discussion  of  the  test 
methodology  is  given  involving  the  DS 
source,  the  cable  under  test,  the  auto¬ 
mated,  software  driven,  digital  oscillo¬ 
scope  and  the  interpretation  of  the  test 
resul ts . 

Template  testing  is  presented  in  this 
paper  as  being  a  reasonably  low  cost 
method  for  the  evaluation  of  cables  that 
are  intended  for  digital  use  in  Bell  Oper 
ating  Companies.  It  is  an  especially 
useful  test  method  for  the  evaluation  of 
new  or  redesigned  metallic  cables. 


2.  Bacliground 

Due  to  the  increasing  concentration  of 
digital  equipment  in  central  offices, 
cable  manufacturers  have  been  developing 
smaller,  more  compact,  twisted  pair  and 
coaxial  cables  for  DSl  and  DSl  cross- 
connect  installations.  The  DSX  is  a  man¬ 
ual  cross-connect  point  to  interconnect 
DSl  or  DS3  signals  in  a  central  office 
and  has  become  a  well  documented  and 
standardized  interface.  The  traditional 
cable  used  for  DSl  (1.544  Mb/.*^'  cabling 
between  equipment  and  cross-connect  frame 
has  been  22  AWG  ABAM,  while  the  correspon 
ding  cable  used  for  DSl  (44.736  Mb/s) 
applications  has  been  20  AWG  coaxial 
cable . 
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3.  Features:  Paired  and  Coaxial  Cables  DS3  Cable:  Comparison  of  Physical  Features 

For  Coaxial  Cable 

The  following  four  tables  display  the 

physical  and  electrical  features  of  Table  2  compares  the  physical  features  of 

typical  twisted  pair  and  coaxial  cables.  20  AWG  coaxial  cable  with  two  representa¬ 

tive  samples  of  reduced  outer  diameter  DS3 
cables . 

DSl  Cable:  Comparison  of  Physical  Features 
for  Twisted  Pair  Cable 


Table  1  compares  the  physical  features  of 
ABAM  with  two  representative  samples  of 
reduced  outer  diameter  DSl  cables. 


Table  1 


ABAM 

paired 

RD24 

paired 

RD26 

paired 

Conductor 
Gauge (AWG) 

22 

24 

26 

Insulation 

Materials 

PE/ PVC 

PE/PVC 

XPE/PVC 

Diameter 

over 

Dielectric 
(in. ) 

0.049 

0.040 

0.032 

Maximum 

Twist 

Length 
(in. ) 

5.0 

6.0 

1.0 

Shield 

Material 

Alum . 
Foil (XI) 

Alum . 
Foil (XI) 

Alum. 
Foil (X2 

PVC 

Jacket 

Outer 

Only 

Outer 

Only 

Inner 
&  Outer 

Outer 
Diameter 
(in. ) 

25  pair 

0.70 

0.43 

0.43 

Table  2 


20  AWG 

coax 

RD26 

coax 

RD29 

coax 

Conductor 
Gauge ( AWG ) 

20 

26 

29 

Conductor 

Material 

sol  id 
copper 

silver- 

plated 

copper 

silver 

coated 

copper- 

covered 

steel 

Dielectric 

Type 

FRPE 

XFRPE 

Solid  Poly 
tetra- 
f  luoro- 
ethylene 

Diameter 

Over 

Dielectric 
(in. ) 

0.150 

0.077 

0.060 

Shield 

80%  braid 
over  3  mil 
alum,  foil 

90%  braid 
over  3  mi 
alum,  foi 

Double 

1  Braid 

1  (90%) 

Jacket 

Material 

PVC 

PVC 

PVC 

Outer 
Diameter 
( in . ) 

0.236 

0.125 

0.121 
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DS1  Cable:  Comparison  of  Electrical 
Characteristics  for 
Twisted  Pair  Cal^le 

Table  3  compares  the  electrical  features 
of  ABAM  with  two  representative  samples 
of  reduced  outer  diameter  DSl  cables. 


Table  3 

AB.A.M  RD2-1  RD26 

paired  paired  paired 


Characteristic  100  100  120 

Impedance  at 
772  kHz (ohms) 

Attenuation  at  -l-O  5.7  5.9 

772  kHz(dB/kft) 

Worse  pair  near  38  42  48 

end  power  sum 
crosstalk  at 
772  kHz(dB) , 

'leets  DS.X-1  yes  ?  yes 

Template? 

DS.\-1  cabling  655  450-600?  450 

distance  - 
maximum  length 
(ft) 


DS3  Cable:  Comparison  of  Electrical 

Features  tor  Coa.xial  Cable 

fable  4  compares  the  electrical  features 
of  20  AW't:  coaxial  cable  with  two  repre¬ 
sentative  samples  of  reduced  outer 
diameter  DS3  cables. 


Table  4 


20  .AKG 
coax 

RD26 

criax 

RP29 

coax 

Nominal 

Impedance 

(ohms) 

7  5 

75 

75 

Relat  l\e 

D 1  •:>  1  eii-t  r  1  c 
Constant 

1.60 

1.60 

2.10 

At  tenuat ion 
at  22.368 

MHz  MD/kf  t  ) 

11.5 

21  .8 

30.9 

DSX  -  3 

Cabl 1 ng 

Dint  ance  - 

m.i.\imum 

1 engl h ( f  t  1 

150 

250 

150 

4.  Definition  of  DSX  Template 

The  DS.X  template  tests  in  Bell  Operating 
Companies  are  intended  to  measure  the 
suitability  of  DSl  (1.544  Mb/s)  or  DS3 
(44.736  Mb/s)  transmission  equipment  for 
installation  in  central  offices.  In 
particular,  the  digital  line  rate  gener¬ 
ators  at  DSl  or  DS3  speeds  are  accepted 
or  rejected  based  upon  DS.X  template  test 
result  s . 

Figure  1,  below,  illustrates  the  DSl 
template,  with  ma.ximura  and  minimum  curve 
definitions  for  twisted  pair  cable, 
note;  Pulse  voltage  must  be  between 

2.4  and  3.6  volts  at  the  cross- 
connect  (DSX-1)  cabling  distance. 


Figure  1 
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Figure  2,  below,  illustrates  the  DS3 
template,  with  maximum  and  minimum 
curve  definitions  for  coaxial  cable, 
note:  Pulse  voltage  must  be  between 
0.36  and  0.85  volts  at  the 
cross-connect  (DSX-3)  cabling 
distance. 
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Figure  3 


D8X-1  Pulse  Teavlate  Test  Set-Op 


Figure  4,  below,  is  a  set-up  illustration 
of  a  DS3  template  test. 


OOMUL  cuu 

Figure  4 


DSX-3  Pulse  Temiplate  Test  Set-Op 


It  is  generally  preferred  to  have  an 
automated  oscilloscope  that  displays 
the  DSl  or  0S3  pulse  mask  and  shows 
any  points  of  template  non-conformance . 

It  must  also  be  understood  per  figures 
3  and  4  that  template  tests  must  be 
made  with  "standard**  twisted  pair  and 
coaxial  cables.  This  is  true  since  a 
template  test  "failure"  does  not  indicate 
whether  a  sub-par  transmitter  or  cable 
(or  both)  is  at  fault. 


Figure  2 


5.  Set-up  of  DSX  Template  Tests 

The  previously  defined  DSl  and  DS3 
templates  per  figures  1  and  2,  respec¬ 
tively,  may  be  used  to  test  digital  line 
rate  transmitters  for  acceptance  of  use 
in  cross-connect  circuits.  The  two 
following  figures  illustrate  these  tests. 

Figure  3,  below,  is  a  set-up  illustration 
of  a  DSl  template  test. 


When  cable  meets  the  insertion  loss  and 
insertion  phase  (non-linear  only)  charac¬ 
teristics  per  figures  5  and  6,  for  twisted 
pair  cable,  or  figures  7  and  8,  for  coaxial 
cable,  it  becomes  qualified  for  testing 
purposes  as  a  "standard"  cable.  Any 
qualified  and  acceptable  DSl  or  DS3 
equipment  transmission  pulse  will  now 
lie  totally  within  the  DSl  (see  figure  1) 
or  DS3  (see  figure  2)  pulse  template  when 
tested  with  a  qualified  "standard"  cable. 
The  equipment -cable  system  will  now  also 
meet  a  "bit  error  rate  (BER)  of  10  exp  -9 
or  better. 
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Figures  5  and  6,  below,  illustrate  the 
insertion  loss  and  insertion  phase 
features  of  "standard"  acceptable  twisted 
pair  cable  (ABAM) . 
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Maximum  RD26  DSl  Template 
Length  is  450  feet 


Maximum  RD26 
Template  Length 


Coax  DS3 
is  250  feet 


Figure  10 

DSX-1  Pulse  Template  -  RD26 


Figure  12 

DSX-3  Pulse  Template  -  RD26  Coax 


DS3,  Coaxial  Cable 

The  figures,  below,  illustrate  test  results 
using  a  "standard"  20  AWG,  DS3,  reference 
cable  and  26  AWG  and  29  AWG  reduced 
diameter  cable. 
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Figure  11 

DSX-3  Pulse  Template  -  20  AWG  Coax 
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Maximum  RD29  Coax  DS3 
Template  Length  is  150  feet 

Figure  13 

DSX-3  Pulse  Template  -  RD29  Coauc 
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7.  Conclusions 
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Abstract 

The  frequently  used  methods  of  evaluating  structural  variation 
often  focus  on  single-ended  measurements  such  as  input 
impedance  variation  and  structural  return  loss  (SRL).  Through- 
the-cable  techniques  which  evaluate  excess  loss  and  delay  jitter 
regions  in  the  frequency  domain,  appear  more  closely  aligned 
with  end-to-end  transmission  objectives.  This  work  reviews  the 
various  measurement  techniques  focusing  on  LAN  frequencies 
where  relatively  inexpensive  unshielded  multipair  cables  are 
being  used  at  higher  frequencies  than  ever  before.  The  use  of 
excess  loss  as  a  roughness  test  offers  the  advantage  of 
effectively  examining  a  longer  length  of  cable  than  SRL,  which 
is  heavily  weighted  by  the  end  portion  of  the  sample  under  test. 

Numerical  evaluations  as  well  as  measurements  on  actual 
samples  are  used  to  show  that  periodic  structural  variation  at  a 
given  level  is  considerably  more  threatening  to  transmission 
performance  than  the  same  amount  of  random  variation.  Also 
of  interest  is  that  the  SRL  of  pairs  tends  to  decrease  with 
frequency  at  a  rate  similar  to  near  end  crosstalk.  Increased  loss 
due  w  random  roughness  exhibits  a  frequency  dependence 
similar  to  dielectric  loss  along  with  some  amount  of  roughness. 


1.  Introduction 

A  recent  IWCS  paper  by  this  author  discusses  data  processing 
techniques  for  extracting  characteristic  impedance  information 
from  what  are  in  many  cases  rough  input  impedance*  scans 
versus  frequency.  It  advocates  distinguishing  between  the  input 
impedance  and  the  characteristic  impedance  of  twisted  pair 
structures'.  In  one  of  the  procedures  described  in  that  paper 
an  impedance-like  function  is  least  squares  fitted  to  the  input 
impedance  scan  spanning  the  applicable  frequency  range.  The 
desired  smooth  characteristic  impedance  estimate  is  obtained 
devoid  of  the  structural  variations  that  occur  along  the  length 
of  the  pair.  Figure  1  reviews  a  typical  input  impedance  scan 
fitted  with  such  an  impedance  function.  One  criticism  of  that 
work,  recognized  at  the  time  it  was  done,  has  been  that 
structural  roughness  must  also  be  quantified.  This  paper 
explores  the  various  single-ended  and  through-the-cable 


The  lerm  "input  impedance"  as  used  in  this  paper  means  the 
impedance  obtained  from  open  and  short  circuit  measurements 
according  to  /,n  =  '^hich  is  the  basis  for  impedance 

measurements  on  electrically  long  as  well  as  short  lengths. 


Fig.  1  Input  Impedance  Scan  Least  Squares  Fitted  with 
Smooth  Impedance  Function 


techniques  for  doing  that,  keeping  in  mind  that  the  current  local 
area  network  (LAN)  interest  is  continuing  to  focus  on  unshield¬ 
ed  twisted  pair  (UTP)  cable.  These  DTP  cables  typically 
exhibit  random  structural  effects,  compared  to  more  controlled 
structures  such  as  coaxials,  which  may  have  insignificant 
random  structural  variations  but  can  exhibit  periodic  structural 
effects  if  a  particular  manufacturing  process  is  not  well 
controlled. 

Roughness  effects  on  transmission  due  to  random  variations 
tend  to  increase  with  frequency.  Like  crosstalk,  as  the  move 
to  higher  frequencies  continues,  the  demands  on  transmission 
performance  through  the  medium  increase.  Cables  with  very 
adequate  smoothness  to  16  MHz  may  not  look  as  good  when 
examined  for  100  Mbit/s  operation.  Later  in  this  paper  the  rate 
of  decrease  of  structural  return  loss  (SRL)  resulting  from 
random  variation  will  be  evaluated.  Comparisons  will  be  made 
between  the  reflection  mechanism  and  near  end  crosstalk 
coupling. 

A  number  of  techniques  for  determining  structural  variation 
along  the  length  of  a  cable  pair  will  be  considered.  The 
traditional  input  impedance  and  return  loss  techniques  are 
reviewed  both  by  numerical  modelling  and  by  means  of  actual 
examples.  A  distinction  is  drawn  between  structures  which 
have  periodic  stnictural  roughness  throughout  the  whole  length 
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and  those  where  the  roughness  is  random.  In  the  second  main 
section  consideration  will  be  given  to  using  through-the-cable 
measurement  of  excess  transmission  loss.  One  of  the  examples 
serves  to  point  out  that  through-the-cable  measurements 
generally  are  more  capable  of  detecting  structural  effects  within 
the  given  span  than  are  single-ended  measurements. 

Other  aspects  of  this  work  deal  with  the  frequency  dependence 
of  SRL  traces  and  input  impedance  variation  with  frequency. 
Recognizing  the  frequency  dependence  leads  to  some  sugges¬ 
tions  about  a  standards  model  for  input  impedance  limits  which 
are  more  in  keeping  with  actual  twisted  pair  behavior.  An  area 
of  concern  is  the  extent  to  which  SRL  can  deteriorate  as  the 
frequency  range  of  interest  is  extended  to  100  MHz.  Fortu¬ 
nately,  much  of  the  excess  loss  due  to  random  structural  effects 
exhibits  a  uniformly  increasing  with  frequency  kind  of  behavior 
and  can  be  tolerated  as  long  as  loss  objectives  are  met. 


II.  Input  Impedance  and  Structural  Return  Loss  Variation 
with  Frequency 

2.1  Basic  Premise  is  Random  Variation 

Support  for  the  idea  that  structural  variation  in  twisted  pair 
cable  varies  more  in  a  random  way  than  in  a  periodic  manner, 
comes  from  the  cable  cutting  experiment  discussed  in  Reference 
1 .  A  500  foot  length  of  a  standard  UTP  design  was  tested  as 
a  whole  length.  It  was  subsequently  cut  into  10  foot  segments 


0  100  200  300  400  500 

Oisiance  from  end  (feet) 


Fig.  2  Impedance  Variation  with  Length  Found  in  Cable 
Cutting  Experiment 


some  periodicity  on  the  right  end.  In  the  vast  majority  of  cases 
though,  when  input  impedance  or  s, ,  data  is  transformed  to  the 
time  domain  or  distance  domain  as  effected  here,  largely 
random  variation  is  observed. 

The  impedance  variation  shown  in  Figure  2  is  thought  to  be  the 
result  of  variation  with  distance  of  physical  parameters  such  as 
wire  separation,  which  might  happen  during  the  final  cable 
assembly  operations.  Figure  3  represents  the  situation  where 


Fig.  3  Structural  Variation  Associated  with  Impedance 
Variation 

segment  by  segment  variation  of  impedance  is  the  result  of 
variation  in  wire  separation.  Separation  of  wires  1  and  2  of  a 
pair  are  shown  to  vary  from  the  nominal  separation  represented 
by  the  third  segment  with  segment  1  showing  increased 
separation  and  segment  2  reduced  separation  over  nominal. 
The  discrete  element  circuit  representing  short  pair  segments 
shows  a  high  value  for  inductance  and  a  low  value  for  capaci¬ 
tance  compared  to  nominal  for  the  first  segment.  This  will 
result  in  this  segment  having  a  high  characteristic  impedance. 
Segment  two  has  low  inductance  and  high  capacitance  resulting 
in  a  low  impedance  \  Jue  compared  to  nominal. 


to  determine  how  much  the  characteristic  impedance  varied  on 
a  segment  by  segment  basis.  It  was  reported  that  the  imped¬ 
ance  of  the  segments  varied  as  much  as  1 1  Ohms.  Figure  2  is 
a  replica  of  Figure  4  of  Reference  1  showing  the  variation  from 
segment  to  segment.  It  shows  that  much  of  the  variation  is  of 
a  random  nature  with  perhaps  some  periodic  effects  being 
prominent  at  the  right  end.  In  general  the  impedance  for  one 
segment  cannot  be  predicted  from  knowledge  of  the  value  for 
an  adjacent  segment.  Some  cable  samples  may  exhibit  periodic 
behavior  along  with  random  variation.  Figure  2  does  exhibit 


The  eleven  Ohms  of  impedance  variation  shown  in  Figure  2 
corresponds  to  about  5  mils  of  wire  separation  variation  which 
is  considerable  compared  to  the  approximately  32  mil  insulation 
diameter  for  a  design  of  this  type.  Wire  separation  in  this 
design  probably  varies  from  insulation  diameter  on  the  low  side 
to  insulation  diameter  plus  5  mils  on  the  high  side  with  nominal 
being  half  way  in  between.  The  concept  of  wires  in  twisted 
pair  cable  not  being  in  constant  contact  is  not  new.  It  was 
discussed  by  A.  S.  Windeler  almost  three  decades  ago.-  Other 
types  of  variation  such  as  conductor  diameter,  insulation 
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diameter  and  eccentricity  and  in  the  case  of  expanded 
insulation,  variation  of  insulation  density  are  also  possible. 
The  ways  in  which  different  pairs  interact  within  the  bundle  of 
pairs  leads  to  variation  as  well. 


2.2  Numerical  Evaluation  of  Structural  Effects 


smooth  line  such  as  the  continuously  varying  periodic,  periodic 
point,  and  random  variation  and  combinations  of  these  can  be 
simulated.  Most  of  the  study  discussed  here  has  been  along  the 
lines  of  modelling  variation  in  wire  separation  which  affects 
both  inductance  and  capacitance.  For  random  variations  a 
random  number  generator  can  be  used  to  generate  examples  of 
random  structural  variation. 


The  relationship  between  a  given  amount  of  structural  variation 
and  the  effects  on  input  impedance,  SRL,  iii>^^rtion  loss  and 
delay  can  be  approached  either  analytically  or  with  numerical 
techniques.  Analytical  approaches  exist  and  can  be  found  in 
the  literature.  A  paper  by  Karbowiak^  develops  the  behavior 
of  non-smooth  transmission  lines  in  a  familiar  manner  where 
expressions  are  arrived  at  for  first  and  second  order  effects. 
First  order  effects  involve  a  single  reflection,  second  order 
effects  pertain  to  two  reflections,  etc.  Bolinder  is  frequently 
referred  to  with  regard  to  relating  these  phenomena  to  Fourier 
Transforms^*.  These  equations  are  useful  for  demonstrating 
that  periodic  structural  variation  relates  to  poor  return  loss  at 
a  frequency  corresponding  to  the  round  trip  delay  associated 
with  the  structural  period.  Point  discontinuities  periodically 
spaced  can  also  be  evaluated.  Handling  random  structural 
variation  with  these  equations  results  in  somewhat  more 
complicated  analysis  and  often  having  to  do  numerical  evalua¬ 
tions  anyway.  It  becomes  difficult  to  look  at  the  expressions 
and  visualize  the  end  result  when  the  variation  is  not  periodic. 

The  approach  to  be  taken  here  is  one  of  starting  out  by 
numerically  evaluating  a  transmission  line  on  a  circuital  basis 
using  many  segments  similar  to  those  in  Figure  3.  Series 
resistance  and  shunt  conductance  are  included.  The  calculation 
starts  with  nominal  primary  (R,  L,  G,  and  C)  line  parameters 


2.3  Typical  Results  Obtained  from  Difference  Equations 

We  proceed  to  examine  an  input  impedance  trace  based  on 
random  variation  seeking  to  determine  whether  it  is  similar  to 
traces  obtained  from  actual  cable  measurements.  The  irregular 
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Fig.  4  Impedance  Trace  Calculated  from  Random  Struc¬ 
tural  Sequence 
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ased  on  functional  fits  to  actual  cable  measurements  for  uic 
frequency  range  of  interest.  The  actual  circuit  segment  used  is 
the  balanced  T  circuit.  Equations  1  and  2  describe  the  changes 
in  voltage  and  current  occurring  in  each  segment.  Z  and  Y 
represent  the  series  impedance  (R  -(-  joiL)  and  shunt  admittance 
(G  -I-  jtaC)  respectively  for  the  segment.  A  length  of  cable 
pair  consists  of  many  segments  where  the  segment  length  is 
very  short  compared  to  a  wavelength.  Segment  lengths  on  the 
order  of  2  to  3  inches  are  used  to  represent  a  pair  for  frequen¬ 
cies  extending  up  to  100  MHz  (6  ft.  wavelength).  When  such 
small  increments  are  used  for  the  case  where  the  line  is 
smooth,  very  close  agreement  is  obtained  between  resultant 
secondary  transmission  parameters  Zg  and  y  and  those  comput¬ 
ed  directly  from  the  nominal  R,  L,  G  and  C  values. 

The  advantage  of  the  numerical  approach  is  that  rather  arbitrary 
assignments  can  be  made  to  the  individual  segments.  The 
segments  are  allowed  to  take  on  values  deviating  from  nominal 
as  depicted  in  Figure  3.  Various  kinds  of  departures  from  a 


trace  in  Figure  4  is  a  plot  of  an  input  impedance  result  obtained 
when  a  random  number  generator  is  used  to  generate  a 
sequence  of  deviations.  This  trace  shows  an  input  impedance 
trace  typical  of  actual  cable  pairs  such  as  the  one  shown  in 
Figure  1.  Here  the  calculated  trace  extends  to  a  frequency  of 
IJ.)  M'lz,  which  is  in  keeping  with  present  day  interest  in 
using  coppx:'  pairs  for  FDDl  bit  rates.  Since  this  example  is 
based  on  a  given  set  of  .smooth  cable  parameters  we  can  also 
calculate  the  smooth  or  average  charactc.'istic  impedance.  The 
smooth  trace  also  plotted  in  Figure  4,  is  well  aligned  with  the 
input  impedance  trace  at  low  frequencies  and  passes  through 
what  appears  to  be  the  middle  of  the  input  impedance  trace  at 
high  frequencies.  The  amplitude  and  structure  of  this  resftonse 
are  typical  of  UTP  data  cables  in  manufacture  today. 

The  input  impedance  trace  of  Figure  4  is  the  response  to  the 
impedance  deviation  sequence  W(x)  shown  in  Figure  5.  As 
indicated  earlier  this  trace  was  generated  with  a  random  number 
generator.  The  peak  deviation  is  4  Ohms  with  about  830 
different  impedance  sections  constituting  this  random  sequence 
which  simulates  500  ft.  of  cable.  This  number  of  sections  is 
large  enough  to  allow  individual  sections  to  be  electrically  short 
at  the  highest  frequency.  The  total  number  of  segments  used 
in  this  example  was  larger,  2500,  with  each  randomly 
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Fig.  5  Structural  Impedance  Deviation  from  Nominal 
Versus  Length 

generated  impedance  section  being  represented  by  three  line 
segments.  Letting  each  line  segment  be  2.4  inches  in  length 
resulted  in  the  difference  equations  for  the  individual  segment 
representing  smooth  line  solutions  with  sufficient  accuracy 
when  variation  was  set  to  zero.  Figure  4  shows  that  impedance 
departures  in  the  frequency  domain  are  smaller  than  the  peak 
impedance  value  of  4  Ohms  showing  in  Figure  5  at  frequencies 
below  10  MHz.  This  is  due  to  the  considerable  averaging  that 
takes  place  at  those  frequencies.  At  high  frequencies  the 
opposite  is  true.  Here  different  sections  of  W(x)  reinforce  each 
other  when  the  phasing  is  right. 

2.4  Computing  the  Structural  Return  Loss  from  Input 
Impedance  and  Characteristic  Impedance 

A  return  loss  trace  can  be  obtained  directly  from  a  network 
analyzer  with  an  S-parameter  unit.  It  gives  us  a  result  which 
is  relative  to  the  calibrating  impedance.  Of  interest  is  the 
ability  to  calculate  the  SRL.  SRL  focuses  only  on  departure 
from  the  average  characteristic  impedance  which  is  based  on 
the  through-the-cable  total  inductance  and  capacitance  at  high 
frequencies  according  to  the  equation  Zo  =  \/’Lt  K't-  In  this 
simulated  example  the  characteristic  impedance  is  readily 

SRL  =  -20  log^^= - —  (3) 

-  Zo 

available.  Exjuation  3  can  be  used  to  compute  the  SRL  from 
the  input  impedance  and  the  characteristic  impedance.  We  next 
consider  the  SRL  trace  calculated  for  this  example. 

A  trace  resulting  from  the  procedure  just  discussed  is  plotted  in 
Figure  6.  The  relationship  between  this  measure  of  roughness 
and  input  impedance  is  one  of  rectification.  In  Figure  4 
deviations  show  on  both  sides  of  nominal  whereas  here  the 
display  represents  only  magnitude.  The  irregularities  with 
regard  to  the  sign  of  the  deviations  in  the  particular  input 


impedance  trace  (for  instance  in  the  50  to  70  MHz  range) 
shown  in  Figure  4  are  not  a  part  of  the  SRL  trace. 

A  most  important  aspect  of  this  trace  is  that  it  shows  marked 
degradation  with  frequency.  The  SRL  for  this  simulated 
response  is  quite  high  in  the  1  MHz  vicinity  (about  45  dB)  but 
degrades  with  increase  in  frequency  to  about  15  dB  at  100 
MHz.  There  appears  to  be  a  marked  similarity  between  the 
slope  and  structure  of  this  trace  and  near  end  crosstalk  traces 
which  also  worsen  with  increase  in  frequency  exhibiting  a  15 
dB/decade  slope. 


Fig.  6  Structural  Return  Loss  Calculated  from  Random 
Structural  Sequence 


2.5  Input  Impedance  Behavior  Based  on  Single  Reflections 

Earlier  we  indicated  that  analytical  approaches  to  the  evaluation 
of  structural  effects  result  in  expressions  for  single  and  double 
reflections,  etc.  It  is  of  interest  to  determine  if  results  obtained 
from  numerically  solving  the  difference  equations  and  the 
single  reflection  model  agree.  The  equation  representing  only 
single  reflections  is  given  by  Equation  4.  This  equation  states 
that  the  reflected  to  input  voltage  ratio  as  a  function  of  frequen- 

j,,(o)  =  (4) 

cy  is  equal  to  the  ylZg  ratio  multiplying  the  integral.  The 
integral  represents  a  summation  over  the  whole  cable  length  of 
the  characteristic  impedance  deviation  function  of  distance, 
W(x),  multiplied  by  the  round  trip  propagation  effect  to  the 
point  of  reflection  and  back.  The  ratio  of  the  propagation 
constant  to  characteristic  impedance  y/7.„  is  really  the  shunt 
admittance  of  the  transmission  line  consisting  of  the  conduc¬ 
tance  and  capacitive  reactance  (G  +  joC).  This  up  front  term 
has  first  power  of  frequency  dependence  if  the  dielectric 
constant  of  the  pair  is  not  frequency  dependent. 

The  reflection  ratio  equation  appears  quite  similar  to  the  ne.ar 
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W(w)  =  f‘u(,x)e-'^''^"^dx  (5) 

JO 

end  crosstalk  equation  included  here  as  Equation  5.  The  only 
differences  are  that  here  radian  frequency  shows  in  front  of  the 
integral  in  place  of  the  y/Zq  ratio  and  that  coupling  unbalance 
as  a  function  of  position,  U(x),  replaces  W(x).  This  equation 
dates  back  to  early  in  this  century'.  It  has  been  studied 
extensively*  and  is  thought  to  accurately  represent  first  order 
coupling  between  pairs. 

We  seek  now  to  determine  how  well  results  from  the  reflection 
expression,  Equation  4,  and  the  difference  expressions. 
Equations  1  and  2,  agree.  Figure  7  shows  SRL  results  based 
on  Equation  4  for  the  same  example  used  in  Figures  4,  5  and 
6.  Overlaid  is  the  result  obtained  earlier  with  excellent 
agreement  showing.  While  the  computation  based  on  the 
difference  equations  represents  the  total  effect,  if  done  with 
sufficiently  fine  incremental  line  segments,  the  equation 
representing  single  reflections  yields  virtually  the  same  result. 
This  is  obviously  only  one  supportive  example  but  additional 
computer  runs  have  been  made,  each  one  with  a  different 
random  sequence,  with  similar  levels  of  agreement. 


Fig.  7  SRL  Computed  from  Single  Reflection  Equation 


2.6  Near  End  Crosstalk  Slope  Analysis 

Recognizing  the  similarity  between  Equations  4  and  5  is  useful 
in  that  it  allows  us  to  borrow  further  from  crosstalk  analysis. 
We  turn  to  Cravis  and  Crater’  who  in  Appendix  A  of  their 
BSTJ  paper  derive  proof  for  the  15  dB/decade  slope  of  infinite 
length  near  end  crosstalk.  Their  derivation  does  not  apply  to 
individual  combinations  or  the  worst  crosstalk  among  all 
combinations  in  a  cable  as  a  function  of  frequency,  but  rather 
the  mean  square  crosstalk  obtained  for  many  crosstalk  scans 
over  a  range  of  frequencies. 

Several  assumptions  are  important  in  their  derivation.  One  is 
that  the  process  represented  by  the  coupling  functions  be  what 


is  termed  stationary  in  a  statistical  sense.  This  implies  that  all 
crosstalk  observations  being  considered  as  data  come  from  a 
time  invariant  process.  It  implies  taking  data  on  the  very  same 
type  of  combination  from  many  cable  samples.  Considering 
data  representing  the  universe  of  all  combinations  from  one 
cable  would  not  meet  this  condition  since  the  different  twist 
ratios  and  pair  separations  in  a  single  cable  would  generally 
have  inherently  different  levels  of  crosstalk  performance 
associated  with  them. 

Another  important  assumption  in  that  derivation  is  that  the 
coupling  function  U(x)  of  Equation  5  have  a  short  correlation 
length.  That  means  that  points  of  coupling  along  the  span  of 
a  combination  of  pairs  separated  by  more  than  an  electrically 
short  length  be  uncorrelated.  This  condition  is  generally  met 
by  combinations  of  pairs  made  with  different  twist  lengths 
properly  chosen  to  avoid  troublesome  ratios  but  is  not  met  by 
pairs  with  the  same  twist  length.  Like  twists  pairs  can  exhibit 
a  coupling  function  U(x)  substantially  constant  for  considerable 
lengths  of  cable. 

These  conditions  are  ones  that  are  probably  representative  of 
•he  structural  variations  found  in  well  made  cable  pairs.  We 
cable  manufacturers,  if  we’re  doing  our  job,  seek  to  eliminate 
processing  problems  which  cause  significant  periodic  variation 
because  these  are  associated  with  very  jxxtr  return  loss  regions 
at  associated  frequencies  and  excess  transmission  loss  at  those 
frequencies  as  well.  The  result  of  our  efforts  is  that  v.  e  end  up 
with  random  variation  whose  amplitude  depends  on  how 
inherently  good  the  process  and  the  design  are.  A  parallel  in 
the  crosstalk  arena  is  that  we  choose  different  twist  lengths  as 
much  as  possible  to  achieve  nominally  small  coupling  ampli¬ 
tudes.  We  know  from  experience  that  adjacent  like  twists  are 
typically  20  dB  worse  than  different  twists  so  we  separate  like 
twists  in  the  cable  cross-section. 


2.7  SRL  Results  for  Actual  Cables 

Returning  to  actual  cable  data  to  examine  SRL  behavior,  we 
consider  a  typical  example  from  a  medium  grade  data  cable 
where  the  frequency  range  extends  to  100  MHz.  We  start  by 
examining  a  typical  single  return  loss  trace  shown  in  Figure  8 
knowing  that  it  does  not  strictly  decrease  at  the  15  dB/decade 
rate  with  frequency.  Rather,  it  exhibits  a  frequency  domain 
structure  that  is  transform  related  to  the  way  the  structural 
deviation  W(x)  of  Equation  4  varies.  This  example  comes 
close  to  showing  a  15  dB/decade  reduction  in  SRL  in  the  two 
decades  extending  from  1  MHz  to  100  MHz.  Much  of  the 
structure  above  8  MHz  conforms  to  the  slope  of  the  line  added 
to  Figure  8.  The  return  loss  is  markedly  less  than  the  trend 
line  at  the  low  frequency  end.  This  is  largely  the  result  of  the 
network  analyzer  giving  us  return  loss  where  input  impedance 
is  in  effect  being  compared  to  the  100  Ohm  resistor  used  in 
calibration.  A  calibrating  network  representing  the  actual 
through-the-cable  characteristic  impedance  shape  instead  of  a 
constant  100  Ohms  would  allow  a  better  direct  display  rendi¬ 
tion.  There  would  still  be  the  problem  of  the  nominal  pair 
impedance  typically  being  different  from  that  of  the  network  by 
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Fig,  8  Return  Loss  Trace  Obtained  Directly  from  Net¬ 
work  Analyzer 

several  Ohms.  Even  so,  this  return  loss  trace  comes  close  to 
displaying  the  15  dB/decade  trend  with  frequency  that  is  a 
subject  of  interest  here. 

We  turn  now  to  processing  Sn  parameter  data  in  a  manner 
similar  to  what  was  done  with  the  numerically  simulated  results 
shown  in  Figure  6  to  obtain  actual  estimates  of  the  SRL  values. 
The  computation  procedure  used  in  this  case  is  that  of  fitting  a 
characteristic  imp^ance  like  function  of  frequency  to  the  input 
impedance  data,  which  is  the  data  processing  procedure 
described  in  Reference  1  that  is  most  useful  in  this  application. 
This  procedure  is  used  here  to  obtain  values  for  both  the 
magnitude  and  angle  of  the  characteristic  impedance  as  a 
function  of  frequency.  With  characteristic  impedance  values  in 


Fig.  9  Structural  Return  Loss  Values  Calculated  for 
Input  Impedance  Data 


hand  Equation  3,  where  the  impedances  are  complex  quantities, 
is  used  to  compute  the  SRL  for  the  pair. 

SRL  traces  obtained  for  the  two  ends  of  a  500  foot  length  of 
pair  resulting  from  this  procedure  are  shown  in  Figure  9. 
These  traces  exhibit  the  15  dB/decade  slope  quite  well  if  one 
lays  a  straight  edge  along  the  minimums.  Least  squares  fitting 
a  straight  line  to  these  traces  yields  two  different  slopes  with 
the  value  of  one  being  12.0  and  the  other  14.6  dB/decade. 
This  demonstrates  that  individual  traces  are  fairly  independent 
with  regard  to  slope  as  well  as  structure.  At  the  high  end  of 
the  frequency  scale  each  trace  mainly  representc  the  100  ft,  of 
cable  closest  to  the  end,  since  the  round  trip  100  MHz  loss  of 
a  100  ft.  length  of  these  pairs  is  about  12  dB. 

The  traces  from  the  two  ends  of  the  pair  in  Figure  9  differ 
from  each  other  just  as  cutting  a  few  feet  from  a  sample  results 
in  a  substantially  different  trace.  What  is  common  to  these  two 
traces  is  the  characteristic  impedance  deviation  function  W(x) 
of  Equation  4  which  can  be  computed  from  the  SRL  (magni¬ 
tude)  and  the  associated  angle  information.  This  computation, 
which  may  be  of  interest  in  a  cable  design  evaluation,  is 
discussed  for  near  end  crosstalk  data  in  Reference  6. 


Fig.  10  Return  Loss  Values  Calculated  for  Eight  Traces 
from  a  Four  Pair  Cable 


We  continue  our  examination  of  impedance  data  by  considering 
the  eight  traces  obtained  from  both  ends  of  a  four  pair  cable. 
Figure  10  displays  these  on  a  common  graticule.  The  eight 
traces  all  appear  to  exhibit  the  similar  decreasing  trends  versus 
frequency.  This  set  of  traces  collectively  exhibits  somewhat 
less  than  15  dB  of  negative  slope  per  decade,  more  like  13. 
The  eight  individual  traces  when  fitted  with  a  straight  line 
exhibited  minimum,  average  and  maximum  slopes  of  11.1, 
13.2  and  16.9  dB/decade  respectively. 

Figure  11  shows  the  rms  result  and  straight  lines  fitted  to  the 
minimum,  rms  and  average  return  loss  values  computed  for  the 
data  shown  in  Figure  10.  With  only  a  few  traces  compared  to 
the  many  combinations  typically  encountered  in  crosstalk  data, 
the  fitted  lines  along  with  one  of  the  statistics  being  fitted  are 
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Fig.  11  Straight  Lines  Fitted  to  Average,  RMS  and 
Minimum  SRL  Values  in  Four  Pair  Cable 


easier  to  view  on  this  scale.  We  conclude  that  here,  as  is 
typical  in  crosstalk  data,  all  three  lines  exhibit  about  the  same 
slope.  The  average  line  has  a  little  higher  slope  than  the  other 
two  lines.  The  three  slope  values  for  minimum,  rms  and 
average  are  10.6,  11.4  and  13.0  dB/decade  respectively. 
While  the  derivation  in  Reference  7  only  applies  to  the  rms  of 
near  end  crosstalk  power  it  can  be  seen  that  here,  as  with 
crosstalk,  the  other  measures  exhibit  similar  slope  values.  Of 
the  three  sloping  lines  the  minimum  is  bound  to  be  the  most 
volatile  indicator  with  the  rms  and  average  being  more  reliable. 

While  this  set  of  data  exhibits  close  to  the  15  dB/decade  SRL 
slope,  other  examples  may  vary.  All  input  impedance  traces 
examined  to  date,  most  of  which  extend  only  to  25  MHz, 
exhibit  the  high  frequency  flair  effect  evident  in  Figure  1. 
SRL  was  computed  for  many  of  these  data  sets  were  found  to 
have  slopes  in  the  10  to  15  dB  range.  There  probably  are 
differences  between  the  crosstalk  and  the  reflection  mecha¬ 
nisms.  The  coupling  function  U(x)  of  Equation  5  has  strong 
high  mechanical  frequency  structure  going  right  up  to  the 
vicinity  of  the  twist  frequencies.  The  impedance  deviation 
function  W(x)  of  Equation  4  does  not  necessarily  have  those 
same  mechanical  frequency  components.  The  auto  correlation 
function  for  W(x),  while  somewhat  like  an  impulse  function  of 
mechanical  frequency,  is  probably  wider  than  what  is  encoun¬ 
tered  in  crosstalk.  While  a  cable  with  low  SRL  slope  would  be 
in  our  favor  when  we  think  of  extending  transmission  to  higher 
bit  rates,  we  probably  need  to  recognize  that  15  dB/decade 
slopes  can  occur.  The  alternative  to  a  lower  slope  is  moving 
the  whole  SRL  curve  to  a  higher  level  of  performance  to  the 
extent  that  this  is  possible. 


2.8  On  the  Need  for  SRL  or  Input  Impedance  Limits  that 
Recognize  Frequency  Dependence  of  the  Media 

Much  of  the  standards  work  with  regard  to  the  permitted 
characteristic  impedance  ranges  has  resulted  in  two  parallel 
horizontal  lines  for  the  upper  and  lower  limits  extending  from 


1  MHz  to  the  upper  frequency  limit  covered  by  the  sptecifica- 
tion.  These  limits  extend  upward  with  decrease  in  frequency 
as  indicated  in  Figure  12  for  frequencies  less  than  1  MHz  to 
accommodate  the  higher  impedances  in  this  frequency  range. 
The  concept  of  parallel  limits  possibly  applying  to  input 
impedance  for  frequencies  above  1  MHz  goes  back  to  the  150 
Ohm  IBM™  Type  1  LAN  cable  design*.  For  that  design 
input  impedance  could  be  interpreted  as  characteristic  imped¬ 
ance  with  only  a  few  Ohms  error  resulting,  for  frequencies  up 
through  those  applicable  for  16  Mbit/s  Token  Ring,  because  of 
the  inherent  electrical  smoothness  of  the  shielded  balanced  pair 
design.  Closer  examination  of  Type  1  pairs  (Reference  1 
shows  an  input  impedance  trace  going  to  25  MHz)  shows  that 
input  impedance  variation  increases  and  consequently  SRL 
decreases  with  increase  in  frequency  for  these  pairs  as  well. 


Fig.  12  Input  Impedance  Limits  Allowing  for  Both  Char¬ 
acteristic  Impedance  Variation  and  Structural 
Effects 


A  favored  viewpoint  concerning  parallel,  horizontal  impedance 
limits,  such  as  those  in  the  EIA/TIA  568  specification  where 
the  permitted  range  for  1  MHz  through  16  MHz  is  100  Ohms 
+  15%,  is  that  they  need  to  apply  to  the  characteristic  imped¬ 
ance  (not  the  input  impedance).  One  of  the  purposes  of  this 
part  of  this  paper  has  been  to  demonstrate  that  SRL  of  UTP 
degrades  at  rates  up  to  15  dB  per  decade.  An  input  impedance 
standard  applying  to  both  the  characteristic  impedance  and 
structural  effects  is  workable  but  needs  to  accommodate  the 
structural  frequency  dependence  demonstrated  in  this  work. 
Most  cable  manufacturers  and  users  today  recognize  that  near 
end  crosstalk  degrades  with  frequency  in  a  fairly  predictable 
manner.  We  also  need  to  recognize  that  input  impedance 
varies  more  as  frequency  increases. 

For  SRL  the  limits  might  take  a  two  segment  approach  with  a 
flat  portion  at  low  frequencies  and  a  negative  15  dB/decade 
slope  for  high  frequencies.  The  level  of  the  flat  region  and  the 
comer  frequency  should  be  set  at  a  level  appropriate  for  the 
level  of  data  cable  performance  being  addressed.  Equivalent 
input  impedance  limits  are  represented  by  the  "SRL  only" 
curves  in  Figure  12  shifted  upward  so  as  to  be  centered  around 
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100  Ohms.  The  corresponding  SRL  is  flat  at  30  dB  up  to  a  10 
MHz  comer  frequency.  Input  impedance  limits  addressing 
structural  effects  and  making  an  allowance  for  characteristic 
impedance  variation  would  be  separated  further  to  represent  the 
combined  effects.  The  upper  and  lower  limits  shown  here  trace 
the  EIA/TIA  horizontal  limits  up  to  the  point  where  the  flair 
sets  in.  The  transition  to  the  flair  occurs  at  1  MHz  in  this 
case.  The  100  ±  15%  limits  are  operated  on  by  the  "SRL 
only"  limits  in  a  multiplicative  manner  with  the  flair  shape 
assumed  throughout  the  two  decades.  These  limits,  which  are 
intended  to  be  illustrative  at  this  point,  apfjear  to  be  consistent 
with  input  impedance  data  for  products  associated  with  Level 
4  of  the  Anixter  Twisted  Pair  Level  Program. 


III.  Excess  Loss  in  Twisted  Pair  Insertion  Loss 

3.1  Loss  Computed  from  Difference  Equation  Mode! 

The  analytical  evaluation  of  structural  variation  includes 
expressions  for  the  effects  on  attenuation  through  the  pair.  A 
second  reflection  redirecting  some  of  the  energy  headed  back 
to  the  transmit  end  to  the  intended  receiver  plays  a  role  with 
regard  to  the  effect  on  attenuation.  The  difference  equations 
stated  earlier  can  be  used  to  evaluate  the  transfer  function  s,, 
for  the  lumped  element  line  in  a  manner  similar  to  that  for 
input  impedance.  The  evaluating  procedure  is  straight  forward 
for  arbitrary  impedance  deviation  functions.  Two  examples, 
one  for  the  periodic  case  where  the  structural  variaiion  is 
sinusoidal  and  the  other  for  random  variation,  are  considered 
here.  The  periodic  result  is  calculated  for  sinusoidal  deviation 
with  a  1  Ohm  peak  (2  Ohms  peak-to-peak)  excursion  and  a  5.3 
foot  (60  MHz)  period.  The  result  shown  in  Figure  13  is  for  a 
500  foot  length  of  24  gauge  pair  where  only  the  center  250  feet 
of  the  500  foot  length  has  sinusoidal  variation.  Both  the  loss 
for  the  rough  pair  as  indicated  and  for  a  smooth  pair  with  the 
same  average  characteristics  are  plotted.  The  difference 
between  the  two  traces  which  indicates  the  excess  loss  is  shown 


Fig.  13  Calculated  Loss  Response  Resulting  from  Periodic 
Variation 


at  the  bottom  of  the  graticule  with  xlO  magnification.  The 
difference  trace  shows  strong  excess  loss  only  in  the  narrow 
band  of  frequencies  which  corresponds  to  the  round  trip  time 
of  the  periodicity.  Here  the  calculated  pair  loss  peaks  at  just 
over  1  dB  over  what  shows  on  either  side  of  the  60  MHz  p^. 

The  nature  of  the  excess  loss  region  for  a  truly  periodic 
structure  is  that  it  peaks  at  a  frequency  that  is  consistent  with 
the  period  of  the  variation.  Many  cycles  of  the  periodicity  (47 
in  this  example)  are  present,  giving  the  response  some  sharp¬ 
ness.  If  periodic  variation  had  been  present  for  the  whole  500 
ft.  length  the  peak  would  have  exhibited  twice  as  much 
amplitude.  If  the  peak  amplitude  of  the  variation  had  been  2 
Ohms  instead  of  1  Ohm  the  excess  loss  would  have  been  four 
times  (2-)  as  large.  This  example  shows  that  a  small  but 
periodic  2  Ohm  peak-to-peak  variation  over  only  half  of  the 
length  can  result  in  just  over  1  dB  of  excess  loss.  A  dB  of 
excess  loss  (20  dB  S/N  when  the  only  interference  is  excess 
loss)  is  a  frequently  used  tolerance  level  relative  to  the  total 
loss  for  the  system  length,  in  a  system  where  equalization  may 
have  been  carried  out  to  a  fraction  of  a  dB  and  other  interfer¬ 
ence  such  as  crosstalk  does  not  have  to  be  provided  for.  This 
example  just  fails  the  one  dB  rule  of  thumb. 

This  periodic  example  was  chosen  with  only  the  center  250  ft. 
of  the  500  ft.  length  being  permitted  to  vary,  to  illustrate  that 
the  excess  loss  approach  to  finding  a  periodic  structure  works 
when  single  ended  measurements  do  not.  With  the  periodic 
variation  being  only  125  ft.  in  from  either  end  the  SRL  was  at 
the  23  dB  level.  It  would  have  been  masked  in  moderate 
random  variation  such  as  that  exhibited  in  Figure  6.  Had  the 
periodicity  been  at  the  measurement  end  the  SRL  exhibited 
would  have  been  prominent  at  about  8  dB.  This  example 
demonstrates  that  the  excess  loss  approach  is  capable  of 
detecting  a  periodicity  present  only  in  midspan  which  would 
probably  go  undetected  with  single  ended  measurements  when 
moderate  random  variation  is  present. 

Cable  length  plays  a  role  in  through-the-cable  measurements. 
Measurements  should  be  made  on  lengths  representative  of  the 
intended  application.  The  examples  in  this  section  are  based  on 
5(X)  ft.  This  round  number  length  is  about  half  way  between 
one  pass  through  the  100  meter  maximum  horizontal  run  found 
in  most  building  wiring,  and  two  passes  through  a  100  meter 
run  as  found  in  ring  architecture  with  passive  concentrators. 
This  length  very  likely  will  not  allow  100  MHz  bi-directional 
capability  when  near  end  crosstalk  is  a  consideration. 

The  effect  is  different  when  random  variation  is  present.  Only 
moderate  peaking  occurs.  Figure  14  shows  a  loss  trace  for  the 
same  random  sequence  W(x)  first  considered  in  Figure  4  where 
the  peak  deviation  was  4  Ohms.  As  in  Figure  13  we  have 
calculated  the  loss  for  a  rough  transmission  line,  a  smooth  line 
representation  placed  next  to  it,  and  the  xlO  expanded  differ¬ 
ence  plot  showing  at  the  bottom  of  the  graticule.  This  set  of 
loss  traces  shows  some  added  loss  due  to  roughness.  No  single 
loss  peak  stands  out  above  the  others.  The  peak  excess  loss 
just  exceeds  1  dB  but  our  1  dB  rule  of  thumb  doesn't  apply  to 
the  peak  excess  loss  calculated  for  this  simulation  example. 
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Fig.  14  Calculated  Excess  Loss  Resulting  from  Random 
Structural  Variation 


Rather  it  applies  to  the  peak-to-peak  variation  which  is  about 
.7  dB  in  the  90  MHz  range  for  this  500  foot  example;  so  this 
pair  passes.  Typically,  the  difference  between  adjacent  excess 
loss  maxima  and  minima  is  about  half  of  the  peak  excess  loss 
in  calculated  examples  such  as  this  one.  Much  of  the  excess 
loss  builds  systematically  with  frequency. 

3.2  Analytic  Expression  for  Rough  Line  Transmission  Loss 

•  Frequency  dependance  of  random  excess  loss  can  be  explored 
by  considering  Equation  6  which  results  when  a  second 
reflection  is  taken  into  account.  In  this  case  a  double  integra¬ 
tion  is  indicated  whereas  Equation  4  only  involved  a  single 

s,,  =  f'fV(y)e-^''<"»'<fydx}  (6) 

integration.  A  possible  cause  for  concern  is  that  this  equation 
contains  (indicating  f^  behavior)  where  Equation  4  only 
shows  Y  to  the  first  power.  How  fast  the  loss  builds  with 
frequency  can  be  better  seen  for  the  example  at  hand  by 
replotting  the  traces  shown  in  Figure  14  using  logarithmic 
scaling  for  both  axes.  Figure  15  shows  the  results.  The  excess 
loss  calculated  from  the  difference  equations  shows  frequency 
squared  dependence  in  the  10  to  100  MHz  range  for  this 
example.  Several  runs  made  with  different  W(x)  sequences 
indicate  this  example  has  about  the  highest  slope  observed  thus 
far.  The  several  examples  that  were  examined  were  found  to 
have  frequency  dependence  in  f' '  to  f  range.  The  smooth  and 
rough  loss  traces  showing  f  '  dependence  are  included  in  this 
figure  as  well.  They  practically  overlay  on  this  4  decade 
logarithmic  scale. 

It  appears  in  Figures  14  and  '5  that  much  of  the  excess  loss 
due  to  random  roughness  can  masquerade  as  dielectric  loss  but 
may  have  a  stronger  frequency  dependence  than  the  first  power 
of  frequency  rate  associated  with  dielectric  loss.  A  functional 


fit  for  the  excess  loss  trace  as  shown  in  Figure  15  can  be 
approximated  readily.  Using  the  more  significant  10  to  1(X) 
MHz  portion  of  the  frequency  range  results  in  a  0.(X)(X37  x  f 
(frequency  in  MHz)  fit,  keeping  in  mind  that  the  excess  loss 
trace  in  these  two  figures  has  been  expanded  by  a  factor  of  ten 
(moved  up  a  decade  in  Figure  15).  This  means  the  constantly 
increasing  portion  of  the  excess  loss  is  only  0.007  dB  at  10 
MHz  and  is  about  0.7  dB  at  100  MHz  for  this  numerical 
example  which  is  for  a  fairly  smooth  pair.  Peak  loss  deviations 
at  the  high  frequency  end  appear  to  be  about  0.35  dB.  The 
vertical  range  of  the  excess  loss  variation  on  the  log  scaled  plot 
is  about  the  same  in  all  regions  of  this  frequency  range.  This 
means  the  ratio  of  maximum  to  minimum  excess  loss  variation 
is  constant  (about  2  to  1)  over  this  range. 


Fig.  15  Calculated  Excess  Loss  Replotted  using  Logarith¬ 
mic  Scaling 


Summarizing  what  we  see  in  the  calculated  excess  loss  example 
obtained  from  the  difference  equations,  is  that  while  the  quality 
twisted  pair  designs  may  feature  materials  resulting  in  negligi¬ 
ble  dielectric  loss,  when  sufficient  random  roughness  is 
present,  what  appears  to  resemble  dielectric  loss  accompanied 
by  some  roughness,  can  be  present.  We  find  that  the  excess 
loss  consists  of  two  parts,  a  constantly  increasing  component 
which  appears  to  increase  at  a  rate  faster  than  frequency 
(perhaps  as  fast  as  frequency  squared)  and  the  varying  part 
which  has  a  fairly  constant  maximum  to  minimum  ratio  over 
this  frequency  range.  The  added  loss  represented  by  a  con¬ 
stantly  increasing  component,  although  not  desirable,  does  not 
prevent  product  like  this  from  transmitting  at  high  bit  rates 
provided  that  the  total  loss  objective  is  met.  The  peak-to-peak 
amplitude  of  the  varying  component  is  of  concern  if  too  large. 
This  study  appears  to  ii.Jicate  that  the  loss  behavior  is  depart¬ 
ing  some  from  /T  loss  behavior  when  a  dielectric  material  with 
a  low  dissipation  factor  is  assumed,  as  was  the  case  in  this 
simulation.  A  final  point  is  that  random  excess  loss  can  be 
fairly  modest  when  SRL  appears  rather  poor.  This  example 
which  is  based  on  modelling  has  a  100  MHz  SRL  of  about  14 
dB. 
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3.3  Fitting  a  Loss  Function  to  Cable  Pair  Loss  Data  to 
Evaluate  Roughness 

Figure  16  takes  us  back  to  actual  cable  loss  data  seeking  to 
relate  it  to  the  difference  equation  results  in  Figure  14  where 
the  impedance  deviation  function  W(x)  was  allowed  to  vary  in 


rREQUDICY  (rttz) 

Fig.  16  401  Loss  Data  Points  with  Least  Squares  Func¬ 
tion  Fit 

a  random  manner.  Both  the  actual  data  and  the  calculated 
results  show  variation  increasing  with  frequency.  In  both  cases 
most  of  the  loss  is  copper  loss  represented  by  the  smooth  trace 
just  below  the  rough  trace.  The  dissipation  factor  for  the  pair 
represented  by  Figure  16  is  low  so  the  difference  between  the 
total  loss  and  the  copper  loss  is  thought  to  be  due  mostly  to 
roughness.  The  structure  of  the  added  loss  due  to  roughness  in 
Figure  16  is  also  similar  to  the  simulated  result  shown  in 
Figure  14  in  that  it  consists  of  both  a  varying  component  and 
a  constantly  increasing  with  frequency  component  where  the 
varying  component  is  of  greatest  concern.  The  maximum 
variation  showing  in  the  xlO  difference  trace  is  .8  dB  in  the 
above  90  MHz  frequency  range,  so  this  pair  passes  the  1  dB 
roughness  rule  of  thumb.  This  pair  was  also  found  to  have 
quite  good  SRL  with  values  at  10  MHz  being  in  the  Just  above 
30  dB  range. 

Loss  =  *  KJ  (7) 

The  smooth  line  fitted  to  the  difference  trace  indicates  a  good 
fit.  The  K,  and  Kj  coefficients  for  the  fit  to  the  loss  data  were 
found  to  be  2.91  and  .010  for  this  500  foot  length  of  24  gauge 
cable  pair  where  frequency  is  in  MHz.  Equation  7  is  one  of  a 
family  of  loss  equations  that  might  be  fitted  to  loss  data.  Other 
forms  of  the  loss  equation  might  include  higher  frequency 
components  such  as  f'  ^  or  f.  Experience  dictates  that  simpler 
equations  which  are  clo.sely  tied  to  theoretical  performance  are 
often  best.  Goodness  of  fit  criteria  is  usually  based  on  the  root 
of  the  mean  square  of  the  deviations.  This  criterion  is  mainly 
quantifying  the  roughness  in  this  application.  The  example 
considered  here  was  found  to  have  a  lack  of  fit  rms  of  0. 13  dB 


when  fitted  with  Equation  7  over  this  frequency  range.  The 
concept  of  fitting  a  loss  equation  to  loss  data  for  purposes  of 
detecting  excess  loss  variation  is  not  limited  to  random  kinds 
of  variation.  Excess  loss  due  to  periodic  variation  can  readily 
be  quantified  via  this  procedure  by  scanning  the  loss  deviations 
for  peak  values. 

The  copper  loss  for  the  data  in  Figure  16  was  computed  by  two 
methods.  The  first  method  consists  of  using  the  value  obtained 
for  K,  in  Equation  7  to  calculate  the  copper  loss.  A  second 
approach  involves  obtaining  the  copper  loss  from  data  for  the 
phase  constant  j3.  Equation  8  is  an  expression  showing  ^  as  a 


function  of  radian  frequency  o,  the  internal  and  external 
inductance  (L;  and  LJ  and  capacitance  C.  The  internal 
reactance  tuL,  actually  increases  as  f '  because  of  internal 
inductance  decreasing  with  frequency.  This  reactance  is  equal 
to  the  a.c.  resistance  of  the  pair,  which  means  that  the  second 
term  of  Equation  8  represents  the  copper  loss  (in  nepers)  of  the 
pair.  The  copper  loss  coefficient  obtained  via  the  phase  data 
agreed  with  that  obtained  from  the  loss  data  to  a  within  a 
fraction  of  a  percent  lending  credence  to  the  data  fitting 
procedures. 

3.4  Correlating  Excess  Loss  Variation  with  SRL  Results 

Comparing  results  obtained  from  through-the-cable  measure¬ 
ments  with  those  obtained  from  single-ended  measurements  is 
of  interest  at  this  point.  Measurements  of  both  types  have  been 
made  for  several  cables  for  the  range  of  frequencies  extending 
from  .1  MHz  to  100  MHz.  The  single  ended  measurements 
started  with  S-parameter  data  processed  to  obtain  the  SRL  as 
indicated  in  Section  2.6.  Straight  line  least  squares  fits  such  as 
those  shown  in  Figure  9  were  obtained  for  pairs  from  several 
cables.  The  coefficients  for  the  fits  appear  in  Table  I  as  the  1 
MHz  SRL  and  SLOPE  values.  The  values  for  10  MHz  were 
calculated  from  the  fit  coefficients.  The  values  in  the  RMS 
LOSS  column  were  values  obtained  when  loss  data  for  these 
pairs  was  fitted  with  Equation  7. 

Table  I  contains  results  for  two  four  pair  cables  with  SRL 
values  obtained  from  both  ends.  The  first  eight  rows  of  values 
are  for  cable  A,  the  next  8  rows  for  cable  B,  and  the  last  row 
is  for  the  example  calculated  from  the  difference  equations. 
The  SRL  values  do  not  represent  worst  values  for  the  individu¬ 
al  traces  but  rather  an  average  as  indicated  in  Figure  9. 
Similarly  the  RMS  loss  deviation  values  do  not  represent  the 
peak  deviation  but  rather  the  rms  deviation  from  the  fitted 
function  where  deviations  increase  with  frequency.  This  table 
shows  that  individual  slope  values  vary  considerably  from  -7.4 
to  -15.3  dB/decade  which  is  consistent  with  results  in  Section 
2.7. 
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Table  I:  Comparison  of  SRL  and  Excessive  Loss  Variation 


PAIR 

t  MHz  SRL 

SLOPE 

10  MHz  SRL 

RMS  LOSS 
DEVIATION 

1-A 

38.1 

-15.3 

22.8 

.349 

1-A 

36.2 

•12.6 

23.6 

.349 

2-A 

43.5 

-9.7 

33.8 

.236 

2-A 

44.4 

-13.2 

31.3 

.236 

3-A 

44.1 

-12.2 

31.8 

.284 

3-A 

46.4 

-12.8 

33.5 

284 

4-A 

38.5 

-12.6 

25.9 

.381 

4-A 

37.4 

-13.2 

24.1 

.381 

1-B 

46.6 

-11.8 

34.8 

137 

1-B 

49.2 

-13.0 

36.3 

137 

2B 

41.3 

-7.4 

34.0 

.130 

2-B 

48.3 

-13.4 

34.9 

130 

3-B 

38.8 

-8.0 

30.8 

.210 

3  B 

41.0 

-11.2 

29  8 

210 

4  B 

48.9 

-11. 1 

37.8 

.190 

4-B 

48.0 

-11.7 

36.3 

190 

1C 

50.0 

-13.8 

36.2 

.118 

Figure  17  plots  the  fitted  SRL  values  against  the  loss  fit  rms 
deviation  values.  The  two  cables  are  represented  by  the  A  and 
B  symbols  and  the  example  calculated  by  means  of  the  differ¬ 
ence  equations  by  symbol  C.  The  scatter  plot  shows  that  high 
and  low  SRL  values  can  be  associated  with  small  and  large  loss 
fit  rms  deviation  values  respectively.  The  two  cables  can 
readily  be  distinguished  as  being  of  different  quality.  The  best 
A  cable  pairs  come  close  to  being  like  the  B  cable  pairs.  There 
appears  to  be  continuity  between  the  two  sets  of  data.  The 
calculated  result  fits  in  well  and  is  in  the  "better  than"  good 
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Fig.  17  SRL  Results  and  Loss  Fit  RMS  Deviation  Scatter 
Plot 


cable  region.  Differences  between  the  SRL  values  obtained 
from  the  two  ends  of  any  given  pair  are  as  high  as  3  dB 
indicating  that  single-ended  measurements  are  sensitive  to  the 
measurement  end  section  of  the  cable  being  measured. 


IV.  Conclusion 

This  document  is  a  sequel  to  the  one  presented  a  year  ago 
which  dealt  with  the  measurement  and  data  processing  required 
to  obtain  reliable  characteristic  impedance  results.  The  need 
for  evaluating  structural  effects  was  recognized  in  the  first 
paper.  In  this  paper  the  single-ended  measurements  for 
structural  effects  were  discussed  first.  It  was  pointed  out  that 
simply  using  a  network  analyzer  to  measure  the  s,,  parameter 
may  not  be  adequate.  Processing  of  the  data  can  yield  better 
information  for  determining  acceptance  or  rejection  of  product. 

In  the  case  of  single  ended  measurements  it  was  demonstrated 
that  one  can  start  with  S-parameter  data,  proceed  with  comput¬ 
ing  the  characteristic  impedance,  and  then  compute  either  the 
SRL  or  impedance  variation  about  the  characteristic  impedance. 
The  SRL  plot  has  an  advantage  over  the  input  impedance  plot 
approach  because  it  exhibits  a  trace  which  can  be  fitted  with  a 
straight  line  on  a  dB  versus  log  frequency  graticule.  Input 
impedance  deviation  plots  yield  results  which  typically  flair 
open  on  the  high  frequency  end. 

Present  day  impedance  standards  with  the  parallel  limits  should 
apply  only  to  the  smooth  impedance.  A  considerable  portion 
of  a  20  to  30  Ohm  range  is  required  for  pairs  with  different 
twist  lengths  and  to  accommodate  Zq  decrease  wiih  frequency 
in  this  range.  Structural  effects  add  to  the  other  variation 
requiring  additional  allowance  at  the  high  frequency  end. 

Recognizing  that  twisted  pairs  typically  exhibit  random 
structural  variation  with  length  and  that  a  given  amount  of  this 
type  of  structural  variation  is  not  nearly  as  damaging  as  the 
same  amount  of  periodic  variation  leads  to  the  concept  of  using 
excess  loss  variation  as  a  criterion  for  cable  acceptance  testing. 
For  randomly  varying  structures  the  excess  loss  consists  of  a 
smooth  with  frequency  component  and  a  compionent  that  varies. 
Only  the  amount  of  variation  is  of  concern  if  the  total  loss 
objectives  are  being  met.  This  method  of  testing  which  looks 
for  departures  from  a  smooth  swept  frequency  loss  trace, 
readily  intercepts  structural  effects  which  are  of  a  periodic 
nature.  The  results  for  two  cables  differing  in  quality  as 
discussed  in  the  previous  section  show  that  SRL  and  excess  loss 
variation  correlate  well. 

There  are  advantages  and  disadvantages  to  both  method  for 
measuring  structural  effects.  Advantages  for  single-ended 
measurements  are  that  the  s,,  data  may  be  taken  anyway  if  it 
is  needed  to  determine  the  characteristic  impedance.  SRL 
results  exhibit  frequency  scaling  that  is  fairly  consistent 
allowing  a  straight  line  function  to  be  fitted  readily.  If  the 
evaluation  proceeds  no  further  than  input  impedance,  then  a 
combined  specification  making  allowance  for  both  the  charac¬ 
teristic  impedance  variation  about  a  nominal  design  value  and 


International  Wire  &  Cable  Symposium  Proceedings  1991  103 


structural  variation  can  possibly  be  used.  A  disadvantage  for 
the  single-ended  measurements  is  that,  with  interest  in  frequen¬ 
cies  up  to  100  MHz,  we  are  dealing  with  a  measurement 
technique  that  evaluates  a  rather  short  sample  at  the  high  end 
where  12  dB  round  trip  attenuation  corresponds  to  a  cable 
length  of  only  100  feet  or  less.  Even  taking  data  from  both 
ends  only  evaluates  several  hundred  feet  out  of  a  shipping 
length  typically  1000  ft.  long  or  longer.  Another  disadvantage 
is  that  measurement  technique  is  more  demanding  for  single- 
ended  measurements.  The  end  effects  at  the  point  of  measure¬ 
ment  are  severe  if  the  fanned  out  region  is  not  kept  to  a  few 
inches.  The  high  impedance  of  the  exposed  portion  of  the  pair 
affects  the  observations  made  on  the  intact  portion.  Lastly, 
single-ended  measurements  other  than  a  low  frequency  capaci¬ 
tance  value  may  not  be  needed  at  all  if  the  delay-capacitance 
method  is  used  to  obtain  characteristic  impedance  and  loss 
measurements  can  be  used  to  determine  structural  effects. 

High  on  the  list  of  advantages  for  through-the-cable  measure¬ 
ments  is  the  idea  that  the  whole  length  receives  equal  emphasis. 
The  effects  for  the  length  are  integrated  into  a  total  effect.  An 
important  advantage  is  that  periodic  variation  in  the  center  of 
the  section  is  more  likely  to  be  detected.  Through-the-cable 
results  are  more  akin  to  what  is  of  most  interest,  transmission 
from  point  A  to  point  B.  Another  advantage  is  that  loss 
measurements  are  sure  to  be  on  the  list  of  measurements  being 
done  anyway.  A  scan  of  loss  data  extending  over  the  desired 
frequency  range  can  be  taken  with  little  more  effort  than  that 
involved  for  a  few  discrete  frequencies.  A  computer  can 
readily  process  the  data  to  determine  the  level  of  excess  loss 
variation  using  fairly  basic  loss  functions.  A  disadvantage  for 
the  through-the-cable  approach  is  that  while  .“iOO  ft.  lengths  can 
readily  be  measured  at  frequencies  up  to  100  MHz,  even  a 
1000  ft.  length  of  24  gauge  100  Ohm  pair  can  have  100  MHz 
loss  in  excess  of  60  dB.  Crosstalk  in  the  measurement 
equipment  may  have  to  be  guarded  against.  Measurements  on 
cable  lengths  shorter  than  those  being  shipped  or  curtailment  of 
the  frequency  range  may  be  necessary  if  interference  is  too 
severe. 

Ancillary  results  that  were  demonstrated  included  showing  that, 
as  in  near  end  crosstalk,  the  single  reflection  equation  (single 
point  of  coupling  in  crosstalk)  and  results  obtained  from  using 
the  difference  equations  agree  well.  Another  result  was  that 
SRL  degrades  by  as  much  as  15  dB/decade  when  the  structure 
varies  in  a  random  manner.  Showing  that  structural  return  lo.ss 
degrades  at  a  considerable  rate  with  frequency  led  to  proposing 
an  input  impedance  limit  form  that  widens  with  increasing 
frequency.  Simulation  was  used  to  show  that  excess  loss  due 
to  roughness  consists  of  two  components.  One  appears  to 
increase  continuously  with  frequency  with  a  slope  somewhere 
in  the  20  to  40  dB/decade  range  (direct  observations  of  this 
component  are  often  obscured  by  dielectric  loss  in  actual  cable 
data).  This  component  of  excess  loss  is  tolerable  provided  that 
the  overall  loss  objectives  are  being  met.  The  other  exhibits 
variation  with  frequency  increasing  at  a  minimum  of  20 
dB/decade  based  on  actual  data.  This  is  the  component  of 
random  structure  excess  loss  found  to  be  troublesome  if  the 
fluctuations  are  severe  enough. 
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I'll  eetronl  <;  Wire  Harness  for  major  computer 
wiring  system  (PTS-Cablc  :  called  by  a 
customer)  has  been  developed  by  new 
apiilleatlon  of  fine  conductor  cable  with  FKP 
material,  hlph  density  shielded  connector  and 
f;ard  connector  with  built-in  printed  circuit 
board  (I'CB).  In  order  to  get  very  high 
quality  and  reliability  with  many  character¬ 
istics,  wo  have  developed  now  connection 
system  including,  the  above  mentioned  cable 
and  connectors,  and  the  connecting 
methods  between  them.  In  this.  It  has  been 
certified  that  newly  developed  crimping 
methods  for  solid  conductor  will  be  very 
effective  for  connection  of  fine  sized  con¬ 
ductor  with  h  I  gh-produc 1 1  hi  1 1  ty  and  hlgh- 
rc I i ab 1 1 1 ty . 

We  have  manufactured  many  products  and 
have  made  various  severe  tests  Including 
reliability  test.  After  the  statistical 
evaluation,  It  has  been  certified  that 
PTS-Cable  has  excellent  quality  and  high 
reliability  and  will  be  very  available  for 
major  computer  wiring  system. 

I . INTRODUCTION 

Electronic  wire  harness  has  been  applied 
extensively  to  connect  electronic  devices 
and  their  inner  wiring  system. 

In  them,  the  electronic  wire  harness  for 
computer  wiring  system  has  to  satisfy 
various  requirements  in  order  to  be  applied 
to  such  transmission  lines  as  equal  to  other 
Important  component  parts  of  electronic 
devices.  Recently,  along  with  this  trend  the 
demands  of  smaller  size,  higher  density  and 
higher  transmission  speed  for  electronic 
wiring  harness  are  rapidly  increasing. 
Therefore,  it  is  desired  to  develop  proper 
cables,  termination  components  and 
connecting  methods  that  satisfy  the  above 
requirements  and  realize  cost  reduction  4U80. 

To  get  those  requirements.  It  has  to  bo 
Investigated  the  following  Items.  At  first, 
the  cable  should  bo  fine  and  should  bo 
required  excellent  mechanical  and  electrical 
characteristics,  Eluororosln  like  PEP  has 
boon  used  to  got  very  thin  insulation 
thickness  and  high  insulation  roslstanco. 
At  the  second,  for  terminated  parts  as 


connector  and  connecting  method.  It  Is 
needed  to  develop  the  fine  and  compact  size 
of  connector,  high  reliability  of  connection, 
method. 

In  this  paper.  It  is  reported  that  we  have 
developed  now  connecting  system  including  new 
cable  and  new  connectors,  and  the  connecting 
method  between  them.  For  the  purpose  to 
evaluate,  we  have  manufactured  many  products 
and  have  made  various  tests  Including 
reliability  qualification.  As  results.  It 
Is  verified  that  the  newly  developed 
elecronlc  wire  harness  has  excellent  quality 
and  high  reliability  for  a  computer  wiring 
system. 


2. CONCEPT  FOR  PTS-CABLE 

PTS-Cablc  is  required  the  excellent 
electrical,  machanlcal  properties  and  high 
reliability  which  is  to  achelve  the  zero 
defect  over  an  operating  life  of  100,000  hrs. 
The  requirements  and  specification  of  It 
and  the  developed  contents  are  shown  as 
follows. 

2.1  Requirements 

In  case  of  application  to  the  signal 
trasmisslon  line,  it  is  afraid  to  occure 
exothermic  phenomena  caused  by  cycling 
current  application  as  power  on-off,  and 
rounding  pulse  wave  of  signal  caused  by 
vibration  during  operating  term.  Therefore, 
It  is  very  Important  to  Investigate  them  and 
develop  a  new  termination  method  for  a  solid 
conductor  and  a  new  connector  and  their 
gpod  connecting  condition  to  get  high  reli¬ 
ability. 

On  the  other  side,  it  is  needed  to  exam¬ 
ine  that  suitable  material  and  construction 
against  mechanical  force  to  prevent  the 
abrasion  of  contact  due  to  Insertion  or 
withdrawal  of  connectors  and  the  breaking  of 
conductor  caused  by  flexing  at  a  strain 
roMof  portion. 

To  certify  the  performance  for  new 
application,  initial  peculiar  testa^_and 
reliability  tests  based  on  operatlngand 
non-operating  service  conditions  In  the 
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[irnct.  ( on  I  applied  cnvl  ronrnonts  Ikih  boon  iiuulo. 
2.11  Spoo  i  f  J  on  t  f  on 

Tlio  oxtornal  appoaranoo  of  l>TS- Cable  Is 
shown  In  l''ifruro  1. 

2.2.1  Cable 

This  eablo  has  a  solid  conductor,  AWG  30 
and  silver  plated  oxlpcn  free  copper.  For 
Insulation  and  outer  Jacket  material 
f  louro-othyleno  propylene  Is  used.  It  has 
liiph  strcns-tli  against  meclianlcai  Torco,  low 
dielectric  constant  and  hli;h  electrical 
transmission  characteristics,  Tlie  cable  is 
composed  by  two  insulated  conductors, 
.ilumlnum  mylar  tape  with  a  drain  wire  Tor 
sill  old. 

The  major  feature  of  this  c;ibl<'  Is  to 
reduce  its  diameter. 

2.2.2  IllKh  density  shielded  connector 

On  condition  to  mate  to  tlic  existing 
mount  header  connector  on  printed  circuit 
board  of  the  mainframe,  the  new  connectors 
h.avc  been  developed.  The  now  connectors 
consist  of  10,  26  and  44  contacts  plugs  and 
26,  44  contacts  headers.  The  contacts  arc 

arranged  In  two  rows  In  each  connector,  and 
the  adjacent  distance  between  contacts(pltch) 
Is  2.. ‘54  min  (0.1  Inch).  A  aluminum  die  cast  Is 
used  for  connector  covers  which  has 
sufficient  stiffness  to  got  tiic  mechanical 
property  and  has  the  good  shielding  property 
also . 

On  tiic  other  hand,  for  connection  of 
solid  conductors  and  contacts,  the  new 
crimping  method  has  been  developed. 

2.2.3  Card  connector  with  printed  circuit 
board 

Tills  connector  consist  of  a  glass  epoxy 
printed  circuit  board  and  two  plastic 


Figure  1.  PTS-Cablo 


covers.  Tills  connector  Is  very  thin  and 
available  to  |)ijt  into  spring  contact  equipped 
boards,  and  tins  a  life  of  .'30  times  insertion. 
Individual  conductor  is  bonded  to  the 
gold-plated  contact  of  the  printed  circuit  by 
mill  1 1 -conductors  soldering  method  using 
solder  pad  and  heating  machine.  The  soldered 
assembly  is  partially  enclosed  wlth^.two- 
plastic  covers  which  are  bonded  ultrasonl- 
cally  each  other.  Clear  hot  melt  Is  served  to 
the  exposed  area  which  Is  available  for 
visual  check  the  condition  of  connection. 

3.  Ilovclopmcnts  of  main  parts  and  assembling 

procedure 

3.1  Development  of  crimping  method  for  solid 
conductor 

Generally,  the  connecting  methods  are 
considered  as  follows.  l)Solderlng  method. 
2)Insulatlon  displacement  connection  method, 
and  3)crlmplng  method.  In  case  of  solid 
conductor.  For  1),  It  Is  difficult  to 
connect  and  to  ensure  reliability  as 
conductor  size  Is  so  fine.  For  2). It  is 
difficult  to  make  parallel  arrangement  of 
Insulated  conductors  for  mass-termln.ation  duo 
to  FEP  Insulation,  and  to  get  contact 
reliability  for  solid  conductor.  Therefore, 
we  have  adopted  the  crimping  methods.  It 
Is  easy  to  got  high  reliability,  high 
productl bl 1 1 ty  and  cost  reduction  also. 

3.1.1  Construction 

Crimping  appearance  and  Its  cross  section 
arc  shown  In  Hgure  2  and  3.  Contact  Is  made 
with  Bo-Cu,  and  has  nickel  undcrplatc  and 
gold  overplatc.  For  conductor  barrel,  we  have 
developed  double  leaves  holding  of  a 
conductor  without  gnawing.  Good  results  arc 
shown  In  Figure  3. 


3.1.2  Reliability  test 

Crimping  resistance  between  the  crimped 
contact  and  conductor  was  measured  at  the 
Initial  and  after  the  following  test. 

The  measured  values  after  test  were 
compared  with  the  initial  values. 

3. 1.2.1  Flexing  test  ^ 

Crimped  contacts  must  be  capable  of  being 
flexed  30  tlO  degrees  In  an  angle  once  each 
to  left,  to  right,  up,  and  down. 

3. 1.2.2  Thermal  shock  test 

Crimped  contact  were  subjected  to  thermal 
shock  as  plus  09  degree  C  16  hours  and  minus 
1(5  degree  C  30  minutes. 

3. 1.2. 3  Vibration  tost 

Contacts  to  20  minutes  of  broad-band 
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|^•lIut(>lll  vihi-aLlon. 

I  111'  coixl  1  U  1  oils  of  Vibration  aro  O.Dii, 

■  0.2  and  0.02  grains  squared  per  llz  for 

!<’.  40.  2.'30  ami  000  IIz  for 

IrcqucMic  i  ('s  .  rcspocti  voly.  Ail  froqucricics 
stioiild  be  ap|)liod  s i mui  tanoousl y . 

0.1. 2. -I  Accelerated  aijiiitr  test 

Contacts  ari'  sulijeetod  to  five  cycles  ol' 
the  2<1  liours  test,  l•'or  step  ],  4  liours  at  25 
d('(tre('  C  and  GO'4.  relative  liumldlty  and  2 
hours  iiia.xiiinini  transition  time  to  stop  2.  l-'or 
step  2.  4  hours  at  75  detrrcc  C  and  90  to  ;)5"ii 

relative  humidity  and  1  hour  maximum 
t  i-ans  i  I  ion  time  to  step  0.  I'’or  step  0.  11 

hours  at  7.5  dcKree  C  and  40%  relative 
hiiinidil.N  and  2  hours  maximum  transition  lime 
to  steii  1.  I'iKure  4  shows  crim|>inK 
rcsist.ince  test  results  after  each  test. 
iiKircascd  a  little.  Hut  tiie  Incroasintt 
s.itisfied  sufficiently  tiie  required  value  to 
he  l('ss  111, an  1.71  m-olini. 

l•'rol^  the  result  of  tliesc  tests,  it 
is  confirmed  that  this  crlinplntf  method  I'or 
solid  conductor  is  very  effective. 

2.2  l)cv(' 1  opmeni  of  h  i  ffti  density  slii  elded 
connec  tor 

’flic  new  connectors  consist  of  pluR  1  yiie 
.and  lie.'uler  type  with  tliln  slilcldlni?  covers  of 
a  I  inn  i  nuiii  die  cast.  It  Is  designed  to  meet 
the  electromai;netlc  I  riter  feronce  prevention 
ri'qii  I  romen  ts  specified  In  l•'CC  standard. 
I''i(ture  5  siiows  l.he  construction  of  tliesc 
connect.ors.  The  lioiisint;  has  the  resilient 
lances,  'flierehy  It  onatiles  the  contacts  to  be 
easily  Inserted  hy  low  Insertion  force  and  to 
he  li<!ld  securely  also.  The  licader  typo 
connector  Is  the  pluK  tyite  connector  With 
ground  I  lift  covers  and  locking  levers 


Klpuro  2.  Crimping  of  solid  conductor 


Figure  3.  Crimping  cross  section 


After  fle.xlnB  After  vibration 


Chunite  In  crimping  resistance 


items 
Avornga 
X  •  S.48  S 


tnltlfll 

10.72 


Kloxlng 

[riioniml  shock 

0.07 

0.17 

0.20 

0.00 

Vlbrntlon 

_ 0.30 

0.00 


(Unit  :  m-ohini 
Kc e a  1 0 rating  n g i  iiii 
0.30 

LT _ _1^P7__ 


I’lgiire  4.  KeHiillH  of  environment,  tests  crimping 
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additionally.  When  the  plug  connector  is 
Inserted  to  header  connector,  they  are 
securely  connected  by  two  locking'  levers.  The 
grounding  covers  of  the  header  connector 
make  a  grounding  circuit  link  between  the 
plug  and  the  header.  The  test  methods  and 
results  arc  shown  In  Table  1.  As  results,  it 
is  confirmed  to  put  a  thing  to  practical  use. 

3. .'5  Multi-conductors  soldering  method  for 
card  connector 

Figure  6  shows  the  eonstruction  of 
card  connector.  An  applied  printed  circuit 
board  Is  made  with  glass  epoxy  with  0.2mm 
thickness  and  its  printed  lines  are  made  with 
copper  with  .35  micron  m.  On  contact  surface, 
hard  gold  and  soft  gold  with  5  micron  m  of 


Figure  5.  Construction  of  high  density 
shielded  connector 


total  thickness  are  plated.  For  the 
termination  method  between  a  printed 
circuit  and  solid  conductors  of  cables, 
the  multi -conductors  soldering  method  Is 
adopted  shown  in  Figure  7.  The  conductors  arc 
arranged  on  the  contacts  served  with  solder 
pad  previously  over  them  of  the  printed 
circuit  board  and  soldered  by  the  heating 
machine  at  the  same  time.  The  feature  of  this 
method  is  that  it  could  realize  good 
soldering  condition  and  high  reliability, 
and  could  reduce  assembly  cost  as  the 
soldering  condition  can  bo  easily  controlled 
and  It  was  very  speedy.  In  addition,  we 
have  developed  an  arranging  tool  of 
conductors  over  the  board  In  the  fixed  pitch 
of  1.83  mm  between  each  adjacent  conductor 
■sliowri  in  Figure  8. 


Figure  6.  Card  connector 


Table  1.  Test  items  and  results  of  high  density  shielded  connector 


Test  item 

Requirements 

Results 
(X  -  KS) 

Sample  size 
(  n  ) 

Cable  flexing 

X  -  4.7  S  >  10  cycles 

12.1 

47 

Cable  retension 

X-  2.5  S  >  0.9  Kg 

1.35 

226 

Connector  retenslon 

Along  cable  axis 
X-4.0S>9Kg 

41.6 

6 

Radially  around  cable 

X  -  4.0  S  >  4.5  Kg 

39.3 

6 

Incompatibly  keyed 
strength 

X  -  4,0  S  >  10  Kg 

23.2 

6 

Header  latch  strength 

X  -  4.0.S  >  5.4  Kg 

6.87 

6 

Contact  retenslon  after 
thermal  shock  tost 

X  -  3.0  S  >  0.27  Kg 

1.24 

20 

Initial  withdrawal  force 
of  contact  after 
thermal  shock  tost 

X  -2.7  S  >  28.0  g 

89 

55 

WlthdPttwaJ  force  after 
thermal  shock  tost  and 

25  times  Insertions 

X  -2.7  a  >  26.0  g 

70 

55 

X  :  Average  value 
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■1 .  Ko  I  I  ill)  I  I  1  t.y  t.cists 

It.  is  Important  to  evaluate  the 
re  I i ahi 1  I ty  of  the  developed  products.  The 
I'ollowine  Is  te.st  methods  and  results  based 
on  statistical  evaluation. 

4.1  Curront/therma I  cycling  test 

To  confirm  the  effect  to  crimping  point 
and  <‘ontact  area  caused  by  exothermic 
phenomena.  To  subject  the  test  specimens  to 
the  condition.  3000  on/off  cycles  at 
intervals  of  12  minutes  on  and  12  minutes 
off.  with  a  current  of  1  mA.  Any  change  (dR) 
In  contact  resistance  of  the  crimping  point 
is  determined  during  or  after  this  tost.  The 
results  arc  shown  In  Table  2.  As  results.  dR 
is  less  than  10  m-ohm.  confirmed  to  the 
good  condition. 

•1.2  Temperature/humidity  Test 

To  confirm  the  corrosion  of  metal  portion 
such  as  contacts  and  shielding  covers,  and 
the  effect  of  change  of  contact  resistance. 
Cable  terminated  connectors  are  subjected  to 


.'50  cycles  of  the  condition  based  on  figure  •.) . 
Two  specimen  groups  arc  used  :  1  Imated  i  ■> 
other  connectors  during  test  term,  2)A 
total  25  cycles  of  mating  and  unmatlng 
were  conducted  five  times  every  10  days 
during  test  term  (50  days).  Figure  10  shows 
the  change  dR  of  contact  resistance  measured. 
As  Figure  10.  the  contact  and  this  crimping 
method  were  found  to  be  stable  at  the  stress 
condition . 

4.3  Aging  test 

To  confirm  the  performance  of  spring 
construction  and  material  of  contact,  the 
specimens  were  subjected  to  the  condition  of 
140  degree  C  for  50  days.  For  contact  norm.il 
force  that  should  not  be  loss  than  25  gr/ims. 
It  has  been  realized  that  the  Initial  value 


Table  2.  Results  of  current  thermal 
cycle  test 


rTtems 

Requirements 

i  Results 
j  (X  -  KS) 

Sample  slzo 
\  n  ) 

Contact  resistance 
Initial  1 

X  ♦  2.7S  <  10 

1  6 -SI...! 

140 

After  test 

X  ■  2.7S  <  10 

1  9.14  , 

140 

X  :  Average 

value 

Figure  8.  Wire  arrangement  tool 


Figure  9.  Condition  of  high  temperature 
and  high  humidity  cycle  test 

_ ;  Group  1.  .Sample  sl2<*  n»l39 


tcyci«ii) 

Figure  10.  Results  of  high  teitiporaturo 
and  high  humidity  cycle  tost 
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IrulucoU  volt^jyc 


Taljlu  3.  Initial  properties  of  I’TS-Cablc 

Test  Items  Hlequlrements  Results  T Sample  size 

_ _  (X  -  KS)  j  (  n  ) 

Insulation  resistance  X  -  4.6S  >  100  M-ohm  23  k  ~  [  55 

Dielectric  strength _ AC  500V  -1  Minute _ _ goo5L  L  ^  . 

I  Latch  floxlnff  test  X  -  3. OS  >  20  Cycles  2828  ]  20 

_  for  card  connector  _ _ :  ! 

Pul  l/electrlcal  test _ X  -  3  .OS  >  2,7  Kg  '  _  4  ■  22  20 

Peeling  strength  for  X  -  2. 7S  >  0.15  Kg  |  0.22  .55 

I soldered  Joint _ I _ j 

jUltrasonic  bond  strength  X  -  3. OS  >  4.1  Kg  t  4.7  |  20 

I _ for  plastic  covers _ | _ 1  _ 

X  :  Average  value 


1  .s  70.5  grams  and  the  value  after  test  Is 
08.8  grams. 

4.4  Cross  talk  tost 

Cross  talk  test  was  conducted  by  applyltig 
to  volts  (peak  to  peak)  of  sine  wave  to  the 
signal  line  at  the  frequencies  8k,  100k  and 

50  Mllz.  Near-end  crosstalk (NXT)  and  I'ar-cnd 
(crosstalk  (I’XT)  were  measured.  The  equipment 
under  the  tost  was  Installed  on  a  copper 
plate  within  slileldod  enclosure  and  the  cable 
harnesses  were  separated  from  the  top  of 
table  by  minimum  of  25  ram.  The  results  arc 
shown  In  I’lgure  11.  As  results,  the  Induced 
voltage  satisfied  the  required  value  at  each 
frequencies.  It  Is  considered  it  depends  on 
twisting  of  Insulated  conductors  in  a  very 
short  pitch  and  enough  shielding  with  metal 
covers  of  the  connector. 


lOk  look  IM  lOM  lOOM 


Frequency  (  Hz  ) 

Required  performances 
X  +  3.0  S  <  0.12  mV.  at  8  kHz 

X  ♦  3.0  S  <  0.87  mV.  at  100  kHz 

X  ♦  3.0  S  <  30  mV,  at  50  MHz 

Figure  11.  Results  of  cross  talk  test 


4.5  Peculiar  performance 

The  results  of  peculiar  performance  are 
shown  In  Table  3.  These  satisfied  the 
required  properties  enough. 

5.  Conclusion 

In  order  to  satisfy  the  many  require¬ 
ments  including  high  reliability  for  wire 
harness  of  mainframe,  we  have  developed  a  new 
cable,  high  density  shielded  connectors, 
card  connectors  and  their  assembly  (wire 
harness  called  PTS-Cablo).  As  results,  it 
has  been  confirmed  that  PTS-Cable  has 
excellent  quality  and  high  reliability  and  is 
very  available  to  mainframe  wiring 
system.  The  new  developed  crimping  method 
for  solid  conductor  and  multi -solder ing 
method  for  card  connector  arc  very  effective 
to  get  high  quality  and  cost  reduction. 
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PREFABRICATED  CABLE  SYSTEMS  FOR  THE  ‘TRANSRAPID 
MAGNETIC  LEVITATION  (MAGLEV)  TRAIN 


Siegfried  Richter 


KABELMETAL  ELECTRO  GmbH,  Special  Cable  Division 
Nurnberg  /  Germany 


Abstract 

This  report  gives  three  examples  for 
prefabricated,  ready  to  install  cable 
systems  for  the  newly  developed 
Transrapid  train  for 

-power  cables 

-data  and  control  cables 

-sensor  cables. 


1 . Introduction 

The  "Transrapid"  is  a  contactless, 
electromagnetically  supported,  guided 
and  powered  magnetic  levitation 
train,  intended  for  travelling  speeds 
between  400  km/h  and  5oo  km/h.  A  test 
facility  for  the  operation  of  Trans¬ 
rapid  trains  was  built  in  the  north 
of  Germany.  The  installed  length  of 
the  track  is  about  32  km.  The 
function  of  the  magnetic  systems  for 
support  and  track  is  based  on  the 
principle  of  magnetic  levitation. 
Magnets  are  installed  in  the  train 
and  in  the  track,  holding  the  train 
at  a  permanent  distance  of  approx.  10 
mm  above  the  surface  of  the  track. 
Other  magnets  guide  the  train  in 
keeping  it  laterally  on  the  track. 
The  contactless  propulsion  system 
consist  of  a  synchronous  long-stator 
linear  motor. 


Fig.:  2  Function  of  the  Transrapid 
Maglev  System 


2.  Stator  windings 

The  stator  packs  of  the  three-phase 
synchronous  long  stator  linear  motor 
are  installed  underneath  the  track  on 
both  sides  of  the  track  support.  No 
electrical  contact  are  necessary 
between  track  and  train.  The  electro 
magnetic  field  lifts  the  train  and 
electro  magnetic  travelling  waves 
running  along  the  horizontally 
extended  stator  pull  the  train 
forward. 

The  stator  packs  are  individual 
bundles  of  laminations  underneath  the 
track  platform.  The  three  phase 
windings  of  the  stator  consist  of 
flexible  rubber  insulated  cables  for 
a  nominal  voltage  of  6/10  kV  with 
copper  or  aluminum  conductors. 
Depending  on  the  energy  which  is 
needed  in  the  individual  sections  of 
the  route,  in  the  test  facility 
cables  were  installed  having  either 
185  mm*  or  300  mm*  copper  or  300  mm* 
aluminum  cross-section. 

The  conductors  are  not  stranded  as  is 
usual  for  highly  flexible  cables,  but 
are  a  slightly-compacted  rope  strand 
of  58  wires  made  of  soft  annealed 
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copper  or  hard  drawn  aluminum  which 
is  annealed  after  stranding. 

The  conductors  are  covered  by  a 
conductor  screen,  an  extruded  semi- 
conductive  compound  based  on  ethylene 
propylene  rubber  ( EPR ) . 

The  insulation  meets  the  electrical 
and  mechanical  properties  required  in 
lEC-Publication  502.  The  nominal 
wallthickness  is  in  accordance  with 
the  nominal  voltage  of  6/10  kV,  i.e. 
3.4  mm  for  all  conductor  sizes. 

A  semi -conductive,  carbon-black 
loaded  EPR  compound  is  extruded  over 
the  insulation  (insulation  screen). 

Conductor  screen,  insulation  and 
insulation  screen  are  extruded  and 
vulcanized  in  line  with  three 
extruders  in  tandem.  The  length  of 
the  production  line  is  180  m  and  the 
steam  pressure  to  vulcanize  the  EPR- 
compound  is  22  bars  maximum. 

Cable  type  1,  used  in  the  first 
section  of  the  test  facility,  is 
fitted  out  with  a  metallic  screen 
consisting  of  40  wires  each  of  0.7  mm 
diameter.  There  is  no  counter  helix 
applied  over  the  wires  of  the  screen, 
to  avoid  an  increase  of  the  eddy 
current  losses  in  the  magnetic 
circuit  of  the  stator  winding,  and 
also  in  order  not  to  impede  the 
propagation  of  the  travelling  waves. 
The  distance  of  adjacent  wires  must 
be  accurately  maintained  and  the 
wires  must  not  touch  each  other,  to 
avoid  an  increase  of  eddy  current 
losses . 

The  jacket  consists  of  a  very  tough 
weather  proof  rubber  compound  based 
on  polychloroprene.  This  compound  has 
a  very  high  tear  resistance  to 
withstand  the  high  stresses  during 
shaping  and  installation  of  the 
winding.  The  jacket  must  be  also 
abrasion  resistant  and  it  must 
insulate  the  screens  of  adjacent 
cables  against  each  other  as  well 
as  against  ground. 

Cable  type  2  has  no  metallic  screen, 
but  a  semi -conductive  jacket  directly 
extruded  over  the  insulation.  This 
serves  to  reduce  eddy  current  losses . 
It  is  possible  to  replace  the 
metallic  screen  by  a  semi -conductive 
elastomer  jacket,  provided  that  the 
distance  of  the  ground  fault  current 
within  the  jacket  from  the  spot  of 
damage  or  break  down  to  the  next 
ground  connection  is  very  short,  so 
that  the  conductivity  of  the  jacket 


is  sufficient.  In  order  to  achieve 
this  result,  the  design  of  the 
winding  was  changed. 


cjbtotyp*^  cabwti>p«2 


Fig.:  3  Design  of  cable  types  1  and  2 


To  prove  the  safety  of  such  a  system 
and  to  determine  the  necessary 
resistivity  of  the  semi -conductive 
jacket  compound  extensive  test  have 
been  made  with 

-  stable  ground  fault  currents 
up  to  10  A 

-  instable  ground  faults 

All  tests  have  been  carried  out  in 
the  laboratory  on  single  phase 
windings  with  the  original  cables  and 
the  original  winding  carriers. 


Fig.:  4  Principle  of  test  circuits 

The  stable  ground  fault  were  produced 
by  a  nail,  3  mm  in  diameter, 
connecting  the  conductor  and  the 
outer  conductive  layer. 

The  instable  ground  faults  were 
initiated  by  a  hole  of  3  mm  diameter 
drilled  through  the  insulation  down 
to  the  conductor.  The  ignition  of  the 
electric  arc  started  at  approx.  4  kV. 
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The  test  results  in  brief  are  : 

In  case  of  a  ground  fault  current 
up  to  2  A  (with  the  current 
stabilized  over  15  min)  only 
a  light  corona  and  a  little  smoke 
were  observed . 

With  the  ground  fault  current 
higher  than  2  A,  the  behavior  of 
both  cable  types  was  different: 
Cable  type  1  (metallic  screen): 
The  electric  arc  was  limited  to 
the  spot  of  damage  or  break 
down  and  extinguished  itself 
within  a  few  seconds. 

Cable  type  2  ( semi-conductive 
Jacket)  : 

The  electric  arc  may  move  to  the 
next  ground  connection  point  and 
can  burn  down  the  cable  over  the 
entire  distance. 

The  surface  resistivity  of  the  semi- 
conductive  compound  depends  on  the 
temperature.  The  resistance  of  the 
jacket  of  cable  type  2  for  a  length 
of  400  mm  in  the  range  from  20 °C  to 
120°C  varies  from  40  Ohms  to  80  Ohms. 


temperature  [°CJ 

Fig.:  5  Surface  resistance  versus 
temperature 


The  temperature  rise  as  a  function  of 
the  current  load  was  determined  with 
two  other  cycles.  The  principal  test 
dimensions  were  the  same  as  before. 
The  temperature  was  meassured  : 

in  the  heads  of  the  windings, 
outside  the  winding  carrier.  The 
length  of  the  active  cable  was 
400  mm. 

within  the  winding  carrier.  The 
length  of  the  active  cable  was 
200  mm. 


The  load  current  limits  for  the  semi 
conductive  jacket  are  : 

the  ampacity  at  which  the  cable 
jacket  starts  burning.  This  is  to 


be  expected  for  currents  approx. 
20  %  higher  than  the  values  given 
in  Fig.  :  6  for  120  °C. 

when  the  conductivity  is 
destroyed  and  the  jacket  at  the 
fault  location  becomes 

insulating,  i.e.  the  resistivity 
increases,  the  fault  current 
decreases  and  the  fuse  will  not 
respond.  This  is  not  expecte 
because  the  compound  used  has  a 
negative  temperature  coefficient. 

O  lesi  length  ot  cable  200  mm 

“  r>CJ  !  7.5A 

^  T  6A  4A  3A 

I 

I 

too  ♦ 

80  t 


1A 


20  40  60  90  1  20  180  240 
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Fig. :  6  Load  current  versus  time 


The  prefabricated  stator  winding 
consists  of 

-  3  rubber  insulated  flexible  cables. 

-  polymer  carriers. 

-  2  flexible  ground  conductors. 

-  2  mounting  straps. 

The  cables  are  manufactured  in 
lengths  of  240  m  or  multiples  thereof 
supplied  on  separate  reels.  They  are 
individually  bent  and  shaped  in  a 
meander-like  manner  by  means  of 
pneumatic  tools  in  an  equipment  the 
principle  of  which  is  shown  in  the 
Fig.  :  7.  The  length  of  such  an 

equipment  is  approx. 25  m. 


Fig. :  7  Principle  of  the  assembly 

plant  for  the  stator  windings 


The  shaped  cables  are  installed 
separately  in  carriers  made  of  a 
carbon  compound.  Outside  form  and 
dimensions  of  the  carriers  match  the 
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channels  in  the  laminated  stator 
packs,  so  that  at  the  construction 
site  the  prefabricated  stator  winding 
can  be  easily-inserted  into  the 
already  installed  laminated  stator 
packs  underneath  the  track  and  fixed 
in  place  by  snap  closures  only. 

On  the  bottom  of  the  carriers  are  two 
flexible,  braided  tapes,  made  of 
thin,  tinned  copper  wires  which  are 
running  longitudenally  along  both 
sides  of  the  carriers.  These  ground 
conductors  provide  a  secure 
connection  to  the  ground  potential  of 
the  structure.  Two  stainless  steel 
tapes  running  longitudinally  on  the 
upper  side  fix  the  cables  in  place. 
The  assembly  is  now  comparable  to  a 
chain,  easy  to  bend.  Two  stator 
windings  -  each  100  m  in  length  -  are 
wound  on  a  shipping  reel  with  a  4  m 
diameter . 


Fig.:  8  Assembly  plant  for  the 

stator  windings 


Due  to  transportation  requirements, 
the  shipping  length  is  limited. 
Therefore  for  the  future  it  is 
planned  to  mount  the  assembly 
equipment  for  the  production  of  the 
stator  windings  on  a  movable  platform 
which  runs  along  the  track.  This  will 
allow  to  produce  much  longer  length 
of  the  stator  windings,  which  can 
then  be  directly  installed.  In  this 
way  also  the  number  of  joints  can  be 
reduced. 

Finally  in  the  plant  the  stator 
windings  are  terminated  with 
compression  type  sleeves  for  easy  and 
quick  splicing  and  terminating  on  the 
construction  site. 

At  the  construction  site  the  reels 
with  the  stator  windings  are  inserted 
into  a  specially  designed  laying 


Fig.:  9  Carriers,  ground  connectors, 
fixing  tapes  and  terminators 
of  the  stator  winding 


vehicle,  which  moves  along  the  track, 
placing  the  stator  winding  below  the 
track.  The  stator  windings  are 
precisely  aligned  with  the  channels 
in  the  previously  installed  laminated 
stator  packs.  The  windings  are  then 
pressed  into  the  channels  where  they 
are  fixed  by  snap  closures  only,  a 
process  which  is  comparable  to  a 
zipper  fastener.  The  laying  speed  is 
approx.  2  m/min. 


Fig. :  10  Laying  vehicle 


To  connect  the  individual  stator 
windings  and  to  make  connections  with 
the  power  supply,  the  prefabricated 
compression  type  connectors  need  only 
to  be  inserted  into  the  pre-installed 
receptacles  and  to  make  the  ground 
connection. 


3.  Data-  and  Control  cables 

For  the  safety  of  the  service,  it  is 
of  great  importance  to  assure  high 
availability  and  reliability  as  well 
as  good  riding  comfort.  In  order  to 
provide  secure  data  and  voice 
transmission  special  cables  are  used. 
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These  cables  must  be  resistant 
against  : 


-  mechanical  stresses 

-  effect  of  oil,  greases,  hydraulic 
fluids  or  fire. 

-  ( In  case  of  fire,  the  cables  must 
not  develop  corrosive  gases  and 
they  must  remain  functional  for  a 
certain  period  of  time. ) 

Fig.:  11  shows  a  typical  hybrid  data 
and  control  cable  used  in  the  Trans¬ 
rapid  .  The  copper  conductors  have  a 
double  insulation  wall  of  silicone 
rubber  and  crosslinked  polyethylene. 
The  two  optic  fibers  are  of  the 
100/140  pm  type,  covered  with 
polyurethane . 

4  i 


6 


1  strain  beanng  element  Kevlar 

2  optK  fiber.  100/140  .im 
potyurettiarM  coated 

3  copper  cortductor  AWG  22 

silicone  rubber  insulation 
crosslinked  potyethyf^rte  insulation 

4  polyester/aiumiiium  film 

5  braid 

Silver  coated  copper  wires 

6  jacket 

polyolefine  compound,  crosslmked 

-  halogenfree 

-  low  smoke 

-  flame  retardant 


Fig.  :  11  Data  and  control  cable 


The  conductor  pairs  and  the  optic 
fibers  are  stranded  over  a  central 
strength  .  ..irher  made  of  Kevlar, 
covered  vith  a  flame  retardant, 
halogen-frt.- ,  low  smoke  polyolefin 
compound.  An  aluminum  tape  and  a 
braid  of  tinned  copper  wires  over  the 
cable  core  serve  as  screens  and  the 
same  time  provide  increased  the  flame 
resistivity.  The  jacket  is  made  of  a 
flame  retardant,  halogen-free,  low 
smoke  polyolefin  compound,  cross- 
linked  by  irradiation. 

Cables  of  the  described  type  and 
various  other  combinations  can  be 
found  all  over  the  train.  The  cables 
passed  fire  resistance  tests  for 
three  hours  according  to  lEC  331. 
They  must  withstand  three  hours 
without  break  down.  The  increase  in 
attenuation  of  the  optic  fibers  was 
about  0.1  dB.  The  cables  also  met  the 
requirements  for  smoke  development, 
bending  behavior,  abrasion  resistance 
and  resistance  to  chemical  attack. 

In  order  to  facilitate  maintenance 
work  and  changes  during  the  test 
operations  all  cables  were  fitted 
with  prefabricated  plugs,  ready  for 
installation.  To  avoid  contamination 


of  the  optical  connectors,  plugs  with 
integrated  optical /electrical  trans¬ 
mitters  have  been  used.  In  view  of 
the  narrow  and  difficult  conditions 
inside  the  train  angular  plugs  are 
required.  Due  to  the  expected 
mechanical  damage  during  maintenance 
these  plugs  and  in  particular  the 
single  fibre  optic  cables  running 
from  the  plugs  must  be  protected. 
This  was  realized  by  using  cast 
aluminum  boxes  for  the  plugs  and 
shaped  copper  tubes  for  the  single 
core  fiber  optic  cables. 


Fig. :  12  Cable  set  ready  for 

installation  with  optical 
data  and  control  cable 

In  Fig.:  12  an  open  plug  box  is 
illustrated  and  also  the  optical 
plugs  on  the  other  end.  To  avoid 
magnetic  coupling  inside  the  plug  box 
the  copper  conductor  leads  are  as 
short  as  possible.  The  optical  fibers 
in  the  plug  box  are  fitted  out  with 
optical  plugs  of  the  SMA-type  and  are 
then  connected  with  the  optical 
outlet  of  the  transmitter. 

These  cable  harness  which  were 
assembled  under  clean  condiditions 
ensure  secure  and  quick  installations 
and  maintenance. 


4. Abrasion  sensor 

For  test  with  sliding  skids  an 
abrasion  sensor  was  developed.  This 
sensor  is  built  into  the  skids.  It 
controls  the  remaining  thickness  of 
the  skids  during  the  tests.  Because 
the  surface  temperature  of  the  skid 
and  the  sensor  may  reach  temperatures 
up  to  700  °C  the  sensors  must  be  heat 
resistant . 

A  mineral  insulated  (MI)  cable  is 
suitable  to  withstand  temperatures  up 
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to  1000  “C  or  even  higher,  because  it 
is  insulated  with  compacted  ceramic 
powder  and  enclosed  in  a  copper  or 
stainless  steel  sheath.  Such  single 
core  cable  having  an  outer  diai.iuter 
of  2.6  mm,  was  bent  around  a  mandrel 
12  mm  in  diameter,  as  shown  in  Fig.: 
13.  The  Ml-cable  loop  is  introduced 
into  a  stainless  steel  cylinder  which 
is  filled  with  a  ceramic  compound. 
Because  this  compound  is  not  moisture 
resistant  its  surface  has  to  be 
protected  by  an  epoxy  resin.  This 
moisture  barrier  can  be  used  only  for 
storage  because  it  is  not  heat 
resistant.  The  tails  of  the  Ml-cables 
are  about  200  mm  long.  They  are 
connected  to  PTFE  insulated  coaxial 
cables  of  the  RG  1789  B/U  type.  This 
is  necessary  because  the  stiff  MI- 
cables  can  not  be  connected  directly 
to  the  plug  due  to  the  strong 
vibrations  during  operation,  which 
would  soon  destroy  the  plug. 


test,  the  insulation  and  the 
conductor  resistance  is  controlled. 
In  this  way  it  can  be  determined  when 
the  outer  conductor  of  the  MI -cable 
is  damaged  and  later  on  the  central 
conductor  is  interrupted.  Because  the 
sensor  is  placed  in  a  very  precise 
position  it  is  possible  to  determine 
the  remaining  thicknes  of  the  skid 
during  test  operation. 


Fig.:  14  Open  head  of  abrasion  sensor 
before  filling  with  ceramic 
powder 


Fig.:  13  Principle  of  abrasion  sensor 
cable  set 


During  the  a  heat  test  -  the  sensor 
was  placed  on  a  hot  plate  with  a 
surface  temperature  of  700  °C.  20 

minutes  after  the  temperature  had 
stabilized  in  the  whole  assembly  the 
following  temperatures  were  measured: 

-  surface  of  the  plate  700  °C 

-  surface  of  the  cylinder  700  "C 

-  outer  copper  conductor  at 

the  entrance  of  the  cylinder  170  ”0 

-  outer  copper  conductor  at  the 

MI/RG  cable  joint  70  °C 

The  function  of  this  sensor  is  as 
follwows : 

In  operation,  both  the  skid  and  the 
cylinder  of  the  sensor  are  abraded. 
After  a  certain  amount  of  abrasion, 
the  surface  of  the  Ml-cable  will 
likewise  be  scraped  of.  During  the 
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Abstract 

Discerning  the  proper  test  method  for  characteristic  " 
impedance  of  transmission  lines  at  LAN  frequencies 
(.1  to  100  MHz)  has  been  subject  to  debate  for  many 
years.  Several  methods  are  in  common  practice  today. 
They  include  the  following; 

1)  Delay  and  fixed  capacitance  method 

2)  Impedance  measurements  via  vector  wave 
analysis:  open  and  shorted  transmission  line 

a)  on  short  lengths  (under  a  quarter  wave) 

b)  on  long  lengths  (330  to  1000  feet) 

3)  Impedance  measurements  via  reflected  wave 
analysis:  loaded  transmission  line 

a)  on  long  lengths  (330  to  1000  feet) 

Naturally,  each  method  has  advantages  and 
disadvantages.  Only  when  the  pros  and  cons  of  each  is 
fully  understood  can  the  correct  method  versus 
application  be  realized. 


I.  Introduction 

Transmission  lines  consist  of  four  basic  properties; 
series  resistance,  series  inductance,  shunt  capacitance, 
and  shunt  resistance.  These  parameters,  when  viewed 
collectively,  offer  valuable  insight  towards  the 
understanding  of  transmission  lines  as  a  whole.  Below 
is  the  transmission  line  model.  It  is  made  up  of  an 
array  of  small  sections  of  capacitors 
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Figure  1:  Transmission  Line  Model 


and  inductors  (reactive  components),  and  series 
resistors  and  shunt  resistors  (resistive  components). 
Circuit  analysis  of  the  transmission  line  with  its 
respective  components  is  obtainable  by  letting  each 
section  {dx)  of  the  model  be  equivalent  to  one  another. 
The  resulting  analysis  produces  a  parameter  which 
contains  both  real  and  imaginary  parts,  and  is  referred 
to  as  the  "characteristic”  impedance  of  the  cable.  ’  In 
real  life,  however,  each  section  is  rarely  equivalent  to 
one  another,  and  a  different  approach  to  normal  circuit 
analysis  must  be  examined.  One  alternative  is  to  look 
at  what  is  happening  at  some  point  along  the 
transmission  line  -  perhaps  by  means  of  S-parameter 
technique  or  incident/reflected  wave  analysis.  This 
type  of  impedance  is  often  called  "input"  impedance. 

It  is  the  purpose  of  this  document  to  consider  how  one 
can  obtain  useful  results  for  LAN  applications  whether 
it  be  characteristic  impedance  or  input  impedance.  In 
accomplishing  this,  several  testing  techniques  will  be 
explored  using  modern  network  analyzers  and 
computer  programming. 

The  following  cables  will  be  used  throughout  the 
document  to  aid  in  the  understanding  of  the  various 
impedance  methods. 

1)  150  ohm  STP  cable  (Type  1) 

2)  100  ohm  UTP  cable  in  which  great  care  was  taken 
to  insure  processing  consistency  throughout  the 
length 

3)  100  ohm  UTP  cable  in  which  process 
measurements  varied  as  much  as  +  /-  7.5%  (i.e. 
insulated  conductor  diameter). 


•  Since  cables  are  not  perfectly  matched  throughout  the 
transmission  line,  it  is  often  preferred  to  express  cable 
impedance  as  "input"  impedance  rather  than 
characteristic  impedance.  This  will  be  addressed  more 
thoroughly  within  the  document. 
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II.  Test  Methods  and  Results 

2.1  Delay  and  Fixed  Capacitance  Method 

The  delay  and  fixed  capacitance  method  is  most  often 
used  for  cables  employing  stable  and  predictable 
dielectrics  (such  as  polyethylene  and  FEP).  This 
technique  relies  on  the  notion  that  capacitance  will  not 
change  with  frequency.  This  is  advantageous  in  that 
only  one  value  of  capacitance  is  needed  for  calculating 
cable  impedance  over  the  LAN  frequency  range.  To 
better  understand  how  capacitance  and  delay  are 
related  to  impedance,  analysis  is  given  below. 

Since  at  high  frequencies  the  reactive  components 
dominate,  the  following  relationships  can  be  obtained. 


( 1 )  Impedance 
Magnitude 


(2)  Pha.se 
Constant 

Where  u  is  the  radian  frequency.  L  and  C  are 
inductance  and  capacitance  re.spectively.  and  v  is  the 
phase  velocity,  all  expressed  in  conventional  units. 

By  combining  the  following  equation  with  that  of  (2), 

P  =  ^  (2a) 

V 

the  phase  velocity  can  he  expre.-ised  as  follows.  • 

=  —  (2b) 

LC 

It  then  becomes  pos.sible  to  express  Z„  in  terms  of 
pha.se  velocitv  and  capacitance  via  equations  (I)  and 
(2b). 


Z.  = 


L 

\jc 


p  =  u  •  v'Tc 


z.  = 


_1_ 

vC 


(-■') 


relationship  becomes  directly  proportional  when 
expressing  phase  velocity  in  terms  of  phase  delay. 

However,  the  assumption  used  by  this  method  of  a 
constant  capacitance  over  the  desired  frequency  range 
can  create  problems.  When  using  such  unstable 
dielectrics  as  PVC,  capacitance  can  vary  significantly 
over  the  swept  frequency  range.  This  variance  will  in 
turn  cause  invalid  results  in  Z^.  Even  stable 
dielectrics  such  as  polyethylene  shows  some  variation. 
Therefore,  any  results  obtained  by  this  method  should 
be  interpreted  with  caution. 

2.2  Open/Short  Vector  Wave  Analysis 

As  noted  in  the  beginning  of  this  document,  open/short 
vector  analysis  technique  can  be  applied  to  both  short 
and  long  length  transmission  lines.  Although  their 
results  will  be  shown  to  be  different,  the  concept 
remains  the  same  for  both  cases.  Therefore,  a  brief 
overview  of  the  basis  behind  the  open/short  vector 
technique  will  first  be  investigated. 

2.2.1  Wave  Analysis 

Assuming  a  sinusoidal  voltage  source  as  the  input,  a 
forward  voltage  is  introduced  upon  the  transmission 
line.  Because  of  its  sinusoidal  nature,  it  will  contain 
both  magnitude  and  pha.se,  If  the  line  contains 
variations  or  mismatches  along  its  length,  some  of  the 
energy  will  be  reflected  back  toward.s  the  source.  This 
reflection  will  also  contain  both  magnitude  and  phase. 
The  relationship  of  these  two  voltages  (which  are 
travelling  as  "waves"  in  opposite  directions  to  each 
other)  can  be  used  to  express  the  impedance  of  a 
tran,smi.ssion  line. 

When  looking  at  the  case  of  only  one  mismatch 
occurring  at  the  termination  end  of  the  cable,  a 
relationship  can  be  derived  between  the  impedance 
looking  into  the  transmission  line,  the  load  impedance, 
and  the  impedance  of  the  transmission  line  itself.  It  is 
acquired  through  utilization  of  both  the  forward  and 
reflected  wave. 


’  =  Z  •  •  lanh  (y  •  length) 

*  Zo  -  •  tanh  (Y  •  length) 


Therefore,  assuming  capacitance  to  be  constant  with 

frequency  as  this  method  does,  the  impedance  will  (4) 

inversly  correlate  with  the  phase  velocity.  This 

Where  gamma  is  the  propagation  constant  containing 
both  magnitude  and  phase  (y  =  o  +  /?)•  ' 
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However,  it  is  common  knowledge  that  the  impedance 
of  a  practical  transmission  line  is  not  uniform  and 
contains  many  mismatches  throughout  the  cable  length. 
In  this  case,  the  equation  becomes  even  more  complex 
since  each  mismatch  and  its  resulting  effect  must  be 
examined  separately,  including  the  mismatch  occurring 
at  the  load. 

When  trying  to  isolate  the  behavior  of  just  the 
transmission  line  without  the  influence  of  the  load 
termination,  a  technique  has  been  developed  via  use  of 
an  open  and  short  circuited  transmission  line.  This 
technique  is  especially  advantageous  when  examining 
a  short  length  of  transmission  line  where  the  load 
termination  could  mask  reflections  of  the  cable  itself. 
To  see  how  this  is  done,  the  analysis  of  the  open  and 
short  circuited  transmission  line  must  first  be  discussed. 

The  equations  for  both  the  open  and  short  circuited 
input  impedances  (lossless  transmission  line)  are 
illustrated  below 


preparation  time  and  traces  which  are  smooth  and  easy 
to  interpretate.  When  calculating  the  correct  sample 
size  for  a  quarter  wavelength,  the  following  formula 
should  be  used. 

1  9.84  *  10*  *  v 

^  =  _ P 

4  4  ♦  100  *  /  (8) 

where  Vp  is  the  velocity  of  propagation  of  the  dielectric 
in  percentage. 

For  example,  if  someone  desired  to  test  a  cable  using 
polyethylene  (assume  66%  velocity)  up  to  20  MHz  and 
wanted  to  avoid  quarter  wavelength  oscillations,  the 
calculation  would  be: 


k  ^  9.84*10*  ■>  66 

4  4  »  100  *  20*10* 


tan  (P  *  length) 


^oc  =  ~J^o  (P  *  length) 


where  is  the  characteristic  impedance  and  /?  is  the 
frequency  divided  by  the  velocity.  ^  This  result  can  be 
verified  by  simply  letting  a  =  0  and  Z^^^^  =  0  or 
infinity  within  equation  (4). 

By  multiplying  equations  5  and  6  together,  it  is 
ultimately  found  that; 


Z.  =  *  Zoc  (7) 

Therefore,  if  one  were  to  place  a  cable  on  a  network 
analyzer  and  performed  separate  swept  frequency  input 
impedance  measurements  of  an  open  and  short 
circuited  load,  the  characteristic  impedance  would  be 
obtainable  by  the  relationship  shown  in  equation  (7). 

2.2.2  Open/Short  Vector  Wave  Analysis:  Short 
Length  Case 

Measuring  electrically  short  cable  lengths  (under  a 
quarter  wave  length)  is  advantageous  due  to  low 


So  the  user  should  choose  a  sample  length  close  to  but 
not  equal  or  greater  than  8  feet. 

Figure  2  illustrates  the  impedance  oscillations  seen 
when  a  sample  length  exceeds  a  whole  number 
multiple  of  the  quarter  wave  length. 


Figure  2:  Oscillating  behavior  at  multiples  of  the 
quarter  wave 
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When  placing  short  lengths  of  the  two  DTP  cables  and 
one  STP  cable  defined  in  the  introduction  upon  a 
network  analyzer,  the  following  traces  are  realized 
(since  the  equipment  is  measuring  the  magnitude  and 
phase  of  the  voltage  and  current  at  the  input  of  the 
cable,  it  is  actually  input  impedance  being  measured). 


rncouCNcr  mhz 


Figure  3:  UTP-1,  LJTP-2,  and  STP  Type  1:  4  feet 

As  one  can  a.scertain,  all  three  impedance  traces  show 
a  smooth  response  over  the  frequency  range.  When 
analyzing  a  sample  of  this  length,  however,  certain 
drawbacks  must  be  mentioned.  First,  it  is  quite 
possible  that  the  sample  being  tested  represents  only  a 
very  small  percentage  of  the  actual  cable  which  was 
manufactured.  Statistically,  one  .sample  says  nothing 
about  the  impedance  variation  that  will  be  experienced 
throughout  the  cable  run.  The  only  way  to  determine 
this  would  be  to  choose  a  .sample  size  large  enough 
(say,  twenty  or  more  8  foot  samples,  for  example)  to 
fully  understand  what  kind  of  variance  could  be 
expected  with  the  impedance.  Notice  above  that  the 
two  UTP  cables  would  appear  to  have  a  different 
impedance.  However,  as  stated  previously,  variations 
in  the  cable  impedance  cannot  be  realized  with  just 
one  sample.  Therefore  this  conclusion  might  very  well 
be  incorrect.  Another  disadvantage  to  electrically  short 
length  samples  is  that  the  additive  structural  effects  of 
processing  inconsistencies  will  not  be  readily  seen. 
Remember  that  since  capacitance  is  dependent  on 
conductor  separation  via  the  dielectric,  any  variation  in 
insulation  thickness  will  ultimately  change  the 
impedance. 


2.2.3  Open/Short  Vector  Analysis:  Long  Length 
Case 

One  method  used  to  help  understand  how  variations  in 
manufactured  cables  relate  to  the  input  impedance  is 
by  application  of  long  length  samples.  To  better 
perceive  why  this  is  the  ca.se,  an  example  is  given 
below. 

The  following  illustration  is  a  ladder  diagram  .similar  to 
that  of  Figure  1,  except  with  equivalent  impedances 
Zl,  Z2,  ect.  replacing  the  distributed 


1 

I 

2i 

Zl 

Z2  ! 

Z3 

Z4 

Z5  1  Z6 

1 

1  -  —  ■ 

Figure  4;  ladder  network  with  input  impedance 

components.  For  this  ca.se,  it  is  assumed  that  the 
impedances  Zl,  Z2,  ect.  are  not  equivalent  to  each 
other.  Because  of  this,  any  forward  or  incident  wave 
introduced  upon  the  transmission  line  .media  will 
encounter  mismatches  as  it  propagates  along  it. 
Further,  each  mismatch  will  result  in  a  reflected  wave 
which  will  propagate  back  towards  the  input. 

When  an  analyzer  measures  cable  input  impedance  via 
open/short  vector  analysis  (whether  it  be  an  electrically 
short  or  long  length  sample),  it  does  so  by  correlating 
the  input  generated  wave  to  the  reflected  wave 
returned.  This  is  achieved  by  vectorially  summing  the 
reflected  energy  (vectorially  since  the  reflections  are 
complex  containing  both  magnitude  and  phase)  and 
comparing  it  to  the  incident  energy  at  the  input. 

One  point  that  must  be  addressed  is  that  of  multiple 
reflections  and  the  distance  they  occur  from  the  input. 
When  the  incident  energy  encounters  mismatches  along 
the  line,  energy  is  reflected  back  towards  the  input. 
Generally  speaking,  the  bigger  the  mismatch,  the 
greater  the  reflection.  As  these  mismatches  occur 
l^urther  and  further  distances  from  the  input,  the 
reflected  energy  is  increasingly  attenuated  due  to  series 
losses  and  re-reflections  as  it  returns  towards  the  input. 
Since  this  method  determines  impedance  by  comparing 
the  incident  wave  to  the  reflected  wave  at  the  input, 
different  magnitudes  and  phases  will  in  turn  cause 
different  levels  of  impedance.  Therefore,  if  a  mismatch 
occuring  20  meters  from  the  input  was  chtinged  to 
occur  only  10  meters  from  the  input,  it  will  have  a 
greater  effect  on  the  input  impedance  of  the  cable. 
One  immediate  conclusion  that  can  be  drawn  from  this 
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is  that  a  long  length  vector  impedance  measurement 
does  not  represent  an  average  of  combined  short 
length  vector  impedance  measurements  performed  on 
the  same  cable. 

Another  effect  which  is  unique  to  long  length 
measurements  is  that  of  an  impedance  spike. 
Reflected  energy  of  cyclical  structural  variations  can 
cause  an  additive  effect  of  this  energy.  In  this  case, 
there  is  no  one  point  in  the  cable  to  where  the  spike  is 
contriL-,ed,  but  rather  a  multitude  of  periodic 
reflections  adding  in  phase  causing  a  spike  to  occur. 
As  will  be  seen,  these  "spikes"  and  other  variations  can 
have  an  effect  on  a  cable’s  performance. 

Interpreting  these  variations  or  spikes  could  become 
important  when  reflections  from  mismatches  travelling 
towards  the  input  are  re-reflected  back  towards  the 
load;  conceivably  adding  to  the  forward  or  trailing  edge 
of  the  incident  signal.  The  result  of  this  could  be  an 
increase  in  the  amount  of  jitter  incurred.  It  should  be 
noted,  however,  that  the  mismatch  needed  to 
significantly  effect  jitter  is  fairly  large  in  most  cases. 
This  is  due  to  the  fact  that  the  reflected  wave  must  be 
re-rellected  back  in  the  direction  of  positive 
propagation  and  not  completely  attenuate  before  it 
reaches  the  load. 

Below  are  actual  test  results  when  mea.surtng 
impedance  via  long  length  open/short  vector  a.ialysis. 
The  cables  shown  are  the  same  as  discussed  in  the 
mtroduction.  As  can  be  clearly  seen,  UTP-1  and  UTP- 
2  are  now  quite  different,  with  the  latter  showing 
increased  variation  with  respect  to  frequency.  This 
effect  was  not  evident  when  the  electrically  short 
sample  was  tested  (refer  back  to  section  2.2). 
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Figure  3a:  UTP-1:  1000  feet 
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Figure  5b:  UTP-2:  1000  feet 

2.3  Reflected  Wave  Technique  With  Load 
Termination:  Long  Length 

LAN  cables  are  normally  terminated  with  some  type  of 
load.  When  the  load  is  not  matched  to  the 
characteristic  impedance  of  the  cable,  energj’  is 
reflected  back  towards  the  source.  If  the  load  is  distant 
enough  from  the  input,  the  reflected  energy  will  have 
almost  no  effect  on  the  swept  impedance  measurement 
being  taken  due  to  attenuation  effects.  In  this  case,  the 
cable  is  said  to  be  self  terminating.  Therefore,  when 
the  cable  self  terminates,  the  results  from  an 
open/short  mea.surement  and  a  matched  load 
termination  should  be  the  same. 

The  following  graphs  are  the  results  from  a  swept 
impedance  measurement  of  the  UTP-1,  UTP-2,  and 
STPType  1  transmission  lines.  Both  UTP  cables  were 
terminated  with  100  ohm  resistive  loads,  with  the  STP 
type  1  being  a  150  ohm  resistive  load.  As  expected, 
the  graphs  are  extremely  similar  to  that  shown  for  the 
open  short  vector  technique  (ignoring  the  minor  scale 
differences).  It  is  important  to  understand  that  both 
the  open/short  vector  technique  and  the  matched  load 
terminated  reflected  wave  technique  use  the  same  basic 
concept  of  wave  analysis.  It  is  only  the  mathematics 
and  equipment  data  manipulations  which  are  different, 
’t  can  then  be  concluded  that  for  electrically  long 
lengths  {preferrahly  500  to  1000  feet  for  LAN 
frequencies)  that  both  methods  produce  similar  results. 
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Finally,  one  minor  warning  should  be  given  in  regards 
to  long  length  measurement  interpretation  -  whichever 
technique  is  used.  Results  given  in  this  document  use 
a  frequency  resolution  of  either  401  or  1001  data  points 
(depending  upon  analyzer  utilized).  If  fewer  points  of 
resolution  are  employed,  lower  frequencies  will  tend  to 
be  deceptively  smoother  than  that  of  higher 
frequencies,  especially  when  looking  at  a  logarithmic 
scale.  Therefore,  at  least  200  points  per  decade  should 
be  used.  Also,  the  sweep  time  in  correlation  with  the 
number  of  points  of  resolution  should  be  slow  enough 
to  capture  all  of  the  energy  respon.se  reflected  back  to 
the  input  (typically  20  seconds). 
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Figure  6:  (a)  UTP-1,  (b)  UTP-2,  (c)  STP  Type  1 


Figure  7:  (a)  101  vs  (b)  1001  points  (log  scale) 
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III.  Conclusion 


References 


This  document  discussed  3  methods  for  determining 
impedance  of  a  transmission  line  at  LAN  frequencies  - 
delay  and  fixed  capacitance,  open/short  circuit  load  via 
reflected  wave  analysis,  and  terminated  load  via 
reflected  wave  analysis.  However,  as  noted  in  this 
document,  methods  discussed  produced  very  different 
results. 

In  the  delay  and  fixed  capacitance  method,  phase  delay 
is  used  to  obtain  the  impedance  of  the  transmission 
line.  This  method  is  advantageous  due  to  its  simplicity. 
However,  their  are  several  drawbacks.  First, 
capacitance  is  measured  at  just  one  frequency  within 
the  voice  range.  It  is  then  utilized  to  determine 
impedance  for  the  entire  swept  frequency  range.  As  is 
known,  however,  capacitance  does  vary  with  frequency. 
Therefore,  any  variation  in  capacitance  will  result  in 
error  being  introduced  into  the  calculation  of 
impedance  (since  this  method  cannot  account  for  this 
effect).  Additionally,  the  two  port  measurement 
technique  used  to  evaluate  delay  produces  a 
deceptively  smooth  trace,  not  exhibiting  many  of  the 
variations  that  would  normally  be  seen  with  delay  over 
a  swept  frequency. 

The  technique  of  using  an  open/short  circuited  load  via 
vector  wave  analysis  can  be  applied  to  both  electrically 
short  and  electrically  long  lengths  of  cable.  When  a 
short  length  is  implemented,  it  yields  a  very  smooth 
trace  with  respect  to  frequency.  Additionally,  sample 
preparation  time  is  negligible.  What  a  short  length 
does  not  show  is  structural  effects  due  to  process 
variations  along  the  cable  length.  However,  when 
testing  long  length  sample.s,  structural  effects  are 
evident.  These  effects  are  displayed  in  the  form  of 
variations  on  the  swept  impedance  trace.  If  the 
variations  are  cyclical,  their  reflections  will  be  additive 
hence  creating  a  spike  along  the  trace.  One  drawback 
to  long  length  measurements  is  the  lengthy  sample 
preparation  time.  Furthermore,  a  long  length 
measurement  does  not  treat  successive  mismatches 
along  the  cable  length  equally  as  explained  in  .section 
2.2.3. 

The  third  method  utilizes  reflected  wave  analysis  with 
a  terminating  load.  This  method  has  been  shown  to 
yield  the  same  results  as  the  long  length  vector 
impedance  technique,  with  the  added  advantage  of 
needing  only  one  measurement  per  sample  as  oppo.sed 
to  two  measurements. 
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ABSTRACT 

High-speed  curing  UV  resins  for 
primary  and  secondary  have  been 
developed,  and  an  optical  fiber  drawing 
rate  of  1300m/min  has  been  achieved  using 
these  UV  curable  resins.  The  coated  fibers 
drawn  at  1300m/min  have  stable  mechanical 
properties  and  transmission 

characteristics.  The  slot-type  optical 
fiber  cable  manufactured  on  trial  had 
excellent  mechanical  properties  and 
temperature  characteristics. 

1 .  INTRODUCTION 

The  demand  for  optical  fibers  has 
recently  been  on  the  rise.  It  is  important 
for  manufacturers  to  decrease  the 
production  cost  of  optical  fibers. 
Increasing  the  optical  fiber  drawing  rate 
may  prove  to  be  the  most  effective 
technique . 

However,  if  you  attempt  to  increase 
the  drawing  speed  by  using  conventional  UV 
curable  resin,  you  have  to  use  several  UV 
curing  systems.  To  use  more  curing  systems 
is  an  obstacle  to  the  design  of  economical 
drawing  towers.  Therefore,  it  is  necessary 
to  develop  UV  curable  resin  with  a  higher 
curing  rate. 

In  this  paper,  we  report  on  our 
results  as  follows; 

1)  We  discussed  the  UV  resin  molecular 
design  to  increase  the  curing  speed 
of  UV  curable  coatings  for  optical 
fibers . 

2)  Using  the  high-speed  curing  UV 
resins,  we  prepared  optical  fiber 
drawn  at  1300m/min.  and  we 
investigated  the  appearance  of  the 
coating  layers,  fiber  strength,  and 
transmission  loss  characteristics 
of  these  fibers,  respectively. 

3)  We  evaluated  the  mechanical 

properties  and  temperature 

characteristics  of  a  slot-type  100- 
fiber  cable  manufactured  as  an 
experiment . 


2.  DEVELOPMENT  OF  HIGH-SPEED  CURING  UV 
RESINS 

2-1  MOLECULAR  DESIGN  OF  HIGH-SPEED  CURING 
UV  RESINS 


The  curing  reaction  of  UV  curable 
resin  is  given  as  the  following 
formulae : 


Initiation  reaction 
h  V 

I  —  ‘IlCsinglet  state) 
Photoabsorption 
*11  -•  *13(triplet  state) 

Intersystem  crossing 

•13  -  R. 

Radical  generation 

Propagation  reaction 

R.  +  M  -  RM. 

RM.  +  M  -  RMM. 


Kp 

RMn .  +  M  —  RMn+ 1 . 


Termination 

RMm. 


Kt 

RMn .  —  Pm  +  Pn 


The  rate  of  polymerization  (Rp)  is 
expressed  by  the  following  formula; 

Rp  =  {M}*Kp(Ri/Kt) ‘  ‘ 
where , 

Ri  =  Kd*F*I*{PI} 

Kp;  Velocity  constant  of  propagation 
reaction 

Ri ;  Velocity  of  initiation  reaction 

Kt ;  Velocity  constant  of  termination 

{M} :  Concentration  of  double  bond 

Kd ;  Photoabsorption  coefficient  of 
initiator 

F:  Frequency  of  photoinitiation 

reaction 


=  f*4> 
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f;  photoinitiator  efficiency 
<I>:  Quantum  efficiency 
I;  Ultraviolet  radiation  intensity 

=  Io  exp( -aL) 

a:  Ultraviolet  absorption 
coefficient  of  UV  resin 
L;  Coating  thickness 
{PI}:  Concentration  of  photoinitiator 

To  increase  the  curing  speed  of  UV 
resin,  a  molecular  design  with  the 
following  characteristics  is  required: 

1)  Photoinitiators  have  a  high 
ultraviolet  absorption  coefficient, 
easily  rise  to  intersystem  crossing, 
and  have  a  high  radical  generation 
efficiency  (quantum  efficiency). 

2)  Monomers  have  a  high  Kp  value,  i.e., 
a  high  double  bond  reactivity. 

3)  Monomers  and  oligomers  have  low 
absorbance,  and  the  overlap  of 
absorption  spectra  between  them  and 
the  photoinitiator  is  small. 

4)  Absorption  spectra  of  photoinitiators 
and  the  spectrum  of  a  UV  lamp 
overlap  as  much  as  possible. 


2-2  CHARACTERISTICS  OF  THE  HIGH-SPEED 
CURING  UV  RESINS. 

On  developing  UV  curable  resins  for 
high-speed  drawing,  we  considered  the 
molecular  design  for  the  high-rate  curing 
UV  resins  mentioned  above,  in  addition  to 
physical  properties  (Young's  modulus, 
elongation,  strength),  thermal  properties, 
resin's  viscosity,  and  so  on. 

Table  1  shows  the  differences  between  the 
composition  of  the  high-rate  curing  resins 
and  that  of  the  conventional  resin. 


Table  1  The  compositions  of  the  resins 


Conventional  Primary  A  Secondary  A 
resin 


Photoinitiator 

a 

b 

b 

Monomer 

a 

P 

y 

Oligomer 

X 

y 

2 

The  ultraviolet 

absorption 

spectra 

the  oligomers  "x"  and  "y,"  and 
photoinitiators  "a"  and  "b"  are  shown  in 
Fig.l.  Fig. 2  shows  the  radiation  spectrum 
of  the  UV  lamp  used  in  this  study.  As  seen 
from  the  figures,  the  following  facts  have 
been  found. 


1)  Oligomer  "y"  has  a  lower  absorbance 
than  oligomer  "x." 

2)  The  overlap  between  the  absorption 
spectrum  of  photoinitiator  "b"  and 
that  of  oligomer  "y"  is  not  so  large 
in  comparison  with  the  overlap 
between  photoinitiator  "a"  and 
oligomer  "x." 

3)  Photoinitiator  "b"  has  a  higher 
absorbance  than  photoinitiator  "a." 

4)  Photoinitiator''b''  has  an  another 
absorption  in  the  region  of  nearby 
360nm.  The  wavelength  of  360nm  is 
the  main  radiation  wavelength  of  the 
UV  1 amp . 


A  (nm) 

Fig.2  Radiation  spectrum  of  the 
UV-lamp 
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To  estimate  the  curing  speed  for 
Primary  A  and  Secondary  A,  we  measured  the 
gel  fractions,  the  Young's  moduli,  and  the 
unreacted  double  bond  contents  for  these 
resins  at  several  different  UV  doses.  In 
addition,  we  compared  these  resins  with 
conventional  resins  under  the  same 
conditions.  Fig. 3,  Fig. 4,  and  Fig. 5  show 
the  changes  of  the  gel  fractions,  the 
Young's  moduli,  and  the  unreacted  double 
bond  contents  for  Primary  A  and  Secondary 
A,  respectively.  For  these  measurements, 
we  prepared  the  cured  sheet  specimens  with 
a  thickness  of  about  100pm.  We  also 
measured  the  unreacted  double  bond 
contents  according  to  the  FT-IR  method. 
Double  bond  content  was  calculated  by  the 
following  formula: 

Unreacted  double  bond  content  (%) 

=  100  (Rs/Ro) 

where , 

Ro; 

Absorbance{  1410cm'')/Absorbance(  1730cm‘') 
for  UV  resin  before  curing 

Rs: 

Absorbance  { 14  10cm'  >)  /  Absorbance  (  17  30cm') 
for  UV  resin  after  curing 


As  shown  in  Fig. 3  -  Fig. 5,  both 
Primary  A  and  Secondary  A  have  been  fully 
cured  at  half  the  UV  dose  required  for  the 
conventional  UV  resins.  Therefore,  these 
resins  cure  about  twice  as  fast  as 
the  conventional  resins. 

3.  HIGH-SPEED  DRAWING 

First,  we  determined  the  temperature 
of  an  uncoated  fiber  surface  needed  to 
obtain  uniform  coating  layers  in  a  high 
speed  drawing  process.  Next,  we  determined 
the  pressure  value  needed  for  a 
pressurized  coating  applicator  at  a 
drawing  speed  of  1300m/min. 

3-1  TEMPERATURE  OF  THE  FIRF.R 

In  a  fiber  drawing  process,  the 
temperature  of  the  fiber  has  to  be  low 
enough  to  prevent  fluctuations  in  the 
coating  diameter  and  bubble  formation  in 
the  coating  layer.  Normally.  the  faster 
the  drawing  speed  is,  the  higher  the  fiber 
temperature  at  the  coating  applicator  is. 
Therefore,  increasing  the  fiber  drawing 
speed  causes  some  problems  with  respect  to 
fiber  coating.  Fig. 6  shows  the  relation 
between  the  temperature (Tf )  of  the  fiber 
surface  and  the  distance(x)  from  the 
bottom  of  the  drawing  furnace.  The  fiber 
temperatures  were  measured  with  an  IR 
thermometer.  In  the  case  of  natural  air 
cooling,  the  temperature  (Tf)  is  about 


Fig. 3  Dependence  of  UV  dose  on 
gel  fraction 
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Fig. 5  Dependence  of  UV  dose  on 
unreacted  double  bond  content 
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400 °C,  at  a  drawing  rate  (Vf)  of 
1300m/min(21  .7tn/sec)  ,  and  the  distance  (x) 
of  Sm.  The  temperature  of  the  fiber  just 
before  coating  of  the  primary  resin  should 
be  controlled  below  80  °C  in  order  to 
obtain  a  bubble-free  concentric  coating 
layer.  We  therefore,  set  a  cooling  device 
between  the  furnace  and  the  coating 
applicator  for  the  primary  resin.  By  using 
forced  cooling  of  the  fiber,  we  can  draw 
the  coated  fiber  at  1300m/min. 

3- 2  PRESSURE  VALUE  FOR  THE  PRESSURIZED. 

COATING  APPLICATOR 

In  general,  a  pressurized  coating 
applicator  is  used  for  high-speed 

drawing. (2'  We  investigated  proper 

pressure  values  for  the  pressurized 

applicator  used  in  our  experiments.  Fig. 8 
shows  the  relation  between  the  pressure 
values  and  the  coating  diameters  at  a 
drawing  speed  of  1300m/min.  The 

fluctuations  in  the  primary  and  secondary 
coating  diameters  are  rather  large  at 
pressures  below  2kg/cm2.  Thus,  when 
drawing  fibers  at  1300m/min,  we  set  the 
pressure  at  3-4  kg/cm2.  As  shown  in 
Fig. 7,  fluctuations  in  coating  diameter 
can  be  controlled  within  ± 1  pm  when  the 
pressure  value  is  3  -  4kg/cm2. 

4.  CHARACTERISTICS  OF  COATED  FIBERS 

We  prepared  100km  coated  fibers  at  a 
drawing  speed  of  1300m/min  using  Primary  A 
and  Secondary  A.  Fig. 8  shows  a  cross 
section  of  the  coated  fiber.  The  fiber  is 
Germanium-doped  silica-core  SM  fiber  with 
a  MFD  of  9.5pm  and  a  cutoff  wavelength  of 
1.22pm.  The  diameter  of  the  fiber  and  the 
dual  coatings  are  125pm  and  250pm, 
respectively . 

4- 1  APPEARANCE 


At  first,  we  observed  the  internal 
state  of  the  coating  layers.  It  is  well 
known  that  bubble  in  the  coating  layer 
causes  the  degradation  of  the  transmission 
characteristics  of  the  coated  fiber. 

So,  we  prepared  a  specimen  at  10km 
intervals  from  the  start  point  in  drawing 
to  the  end  of  the  coated  fiber,  and 
observed  the  inside  of  the  coating  with  a 
microscope.  Photo. 1  shows  the  observations 
of  the  coated  fiber.  No  bubble  is  found  in 
any  specimen  of  the  coated  fibers.  Thus, 
it  is  confirmed  that  the  coated  fibers 
have  high  coating  stability. 

Fig. 9  shows  the  typical  result  of  the 
changes  in  the  primary  and  secondary 
diameter  during  the  fiber  drawing. 
Fluctuations  in  the  coating  diameters  are 
within  ±lpm.  And  so,  the  dimensional 
stability  of  the  coated  fiber  is  equal  to 
that  of  the  fibers  drawn  at  conventional 
speed . 


Fig.6  Drawing  rate  vs.  temperature 
of  the  fiber  surface 

Tf  =  27  +  8OOexp(-3,10xA/f) 
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bottom  of  the 
furnace 


Pressure  value  (kg/cm^) 

Fig. 7  Relation  between  the  pressure 

values  and  the  coating  diameters 
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Fig. 8  Structure  of  the  optical 

fiber 
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Photo.  1  Observation  of  the 
coated  fiber 


0  50  100 


Fiber  length  (km) 

Flg.9  Changes  of  the  primary  and 
secondary  diameter  during 
the  fiber  drawing 


We  tested  the  transmission 
characteristics  of  the  coated  fibers.  The 
fiber  for  measurement  was  in  a  free  coil 
about  30cm  in  diameter  and  1000m  in 
length.  The  fiber  coil  was  subjected  to 
the  atmosphere  at  temperatures  of  -40  °C 
and  +60  °C.  And  we  measured  the  spectral 
transmission  loss  for  the  coated  fiber  at 
high  and  low  temperatures.  Fig. 11  shows 
the  results  of  the  test.  As  shown  in 
Fig. 11,  the  transmission  loss  after 
drawing  is  0.34dB/km  at  1.3pm  and 
0.20dB/km  at  l.bSpm,  and  loss  increases  at 
low  and  high  temperatures  are  negligible 
at  both  1.3pm  and  1.55pm.  These  results 
indicate  that  the  coated  fibers  have  the 
stable  transmission  characteristics . 


Table  2  Gel  fractions,  Young's  moduli,  and 

unreacted  double  bond  contents  of  the 
primary  and  the  secondary  of  the 
coated  fiber 


gel  fraction 

Young's  modulus 

(kg/mm 

double  bond 
content 

(%) 

(%! 

primary 

90 

5 

secondary 

96 

61 

4 

4-2  CURING  DEGREE 

Table  2  lists  the  measured  results  of 
gel  fractions.  Young's  moduli.  and 
unreacted  double  bond  contents  of  the 
coating  materials.  For  these 
measurements,  the  coating  materials  were 
prepared  by  peeling  off  the  coated  fibers. 

As  shown  in  the  table,  we  verified 
that  the  curing  degrees  of  both  the 
primary  layer  and  secondary  layer  had 
reached  completely  saturated  values. 


We  examined  the  fiber  strength  of  the 
coated  fibers.  We  took  samples  at  10km 
intervals  on  the  coated  fibers  and 
measured  the  fiber  strength  at  room 
temperature  (20  °C).  We  used  the  gage 
length  of  10m,  with  a  lOX/min  strain  rate. 
The  number  of  specimens  for  each  sample 
was  50. 

Fig. 10  shows  the  changes  of  tensile 
strength  for  the  coated  fibers  along  the 
fiber  length.  The  median  strength  value  is 
5GPa  or  more.  Breakage  at  low  strength 
levels  was  not  observed. 


0  20  40  60  80  100 

Fiber  length  (km) 


Fig.10  Changes  of  tensile  strength  for  the 
coated  fiber  along  the  fiber  length 
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Wavelength  ( fi  m) 


Fig.  1 1  Spectral  transmission  loss  of 
the  coated  fiber 


5.  CHARACTERISTICS  OF  SLOT-TYPE  CABLE 
MANUFACTURED  ON  TRIAL 

We  used  the  coated  fibers  to  make 
4-fiber  ribbon,  and  manufactured  a  ribbon 
slot-type  100-fiber  cable.  Fig. 12  and  13 
show  the  cross  section  of  the  fiber  ribbon 
and  the  cable. 


Ribbon  coating 

Secondary  coating 
Primary  coating 

SM  optical  fiber 


Fig. 12  Structure  of  the  manufactured 

4-fiber  ribbon 


PE-sheath 

4-fiber  ribbon 

Wrapping  tape 
Slotted  rod 

Strength  member 
(  FRP  4.5^  ) 


5-1  TRANSMISSION  LOSS 

Fig. 14  shows  the  transmission  loss 
during  the  manufacturing  process.  The 
average  loss  increase  was  less  than 
0.02dB/km.  This  result  indicates  that  the 
cable  can  be  manufactured  with  excellent 
transmission  loss  stability. 

5-2  MECHANICAL  PROPERTIES 

In  our  investigation  of  the 
mechanical  properties,  we  subjected  the 
cable  to  various  mechanical  tests.  The 
test  conditions  and  results  are  listed  in 
Table  3.  In  all  tests,  no  additional 
transmission  loss  was  observed. 

5-3  TEMPERATURE  CHARACTERISTICS 


Fig.  1 
stabi 1 i ty 
-40  ”C  to 
0.02dB/km 


5  shows  the  transmission  loss 
during  a  temperature  cycle  from 
+60  °C.  Added  loss  was  minimal, 
at  -40  °C  and  0.03dB/km  at  +60  "C. 


Fig.  13  Structure  of  the  manufactured 
1 00  -  fiber  cable 


Manufacturing  process 


Fig. 14  Transmission  loss  during  the 
manufacturing  process 
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Time  (day) 

Fig. 15  Transmission  loss  change  of  the 

100-fiber  cable  during  a  temperature 
cycle 


6  CONCLUSION 


Table  3  Mechanical  properties  of  the 
100-fiber  cable 


Test  item 

Condition 

Result 

Lateral 

pressure 

300kg/50mm  X  Imin 

<0,OldB 
at  1 .3  y  m 

Bending 

R=10Dx  lOcycles 
D:Cable  outer  diameter 

<0.01dB 
at  1.3  ym 

Tensile 

T=200kg(,  UlOm 

<0.01dB 
at  1 .3  y  m 

Impact 

1  kg  X  1m  height 
( 25mm  colum  ) 

<0.01dB 
at  1 .3  y  m 

Sqeezing 

R=250mm,  T=200kgf, 
L=100m 

<0.01dB 
at  1.3  ym 

Tortion 

±l80deg7m 

<0.01dB 
at  1 .3  y  m 

Based  on  the  experimental  results 
described  above,  we  reached  the  following 
conclusions  ; 

1)  The  newly  developed  UV  resins  Primary 
A  and  Secondary  A  have  twice  the 
curing  speed  of  conventional  resins. 

2)  We  used  the  developed  resins  to  make 

coated  fibers  at  a  drawing  rare  of 
1300m/min.  Then,  the  curing  levels  of 
the  coating  materials,  the  appearance 
of  the  coating  layers,  the  fiber 
strength,  and  the  transmission 
loss  characteristics  were 

investigated.  In  this  manner,  we  were 
able  to  confirm  the  excellent 
characteristics  of  the  coated  fibers. 

3)  The  slot-type  100-fiber  cable 
manufactured  on  trial  also  has  the 
excellent  mechanical  properties  and 
temperature  characteristics. 

Our  study  confirmed  that  an  optical 
fiber  drawing  rate  of  I300m/min  can  be 
achieved  by  using  the  newly  developed  UV 
resins.  These  techniques  can  be  expected 
to  contribute  to  the  reduction  of  fiber 
production  costs  in  the  future. 
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ABSTRACT 

Proper  curing  of  optical  fiber  coatings  is  necessary  to  ensure 
that  the  glass  fiber  is  protected  from  environmentally-induced 
stresses.  In  this  paper  we  examine  a  wide  range  of  techniques 
for  measuring  the  extent  of  coating  cure,  including  several  not 
previously  referenced  in  the  fiber  coating  literature.  Data  are 
presented  for  six  fibers  representing  two  different  coatings 
with  varying  extents  of  cure.  Our  studies  show  that  these 
techniques  fall  into  three  categories:  (1)  those  that  are 
insufficiently  sensitive  to  warraiit  further  study  (e.g., 
measurements  of  dielectric  properties);  (2)  those  that 
identify  different  cures  but  have  some  Inadequacy  (e.g., 
abrasion  resistance);  and  (3)  those  that  are  sensitive  and 
reproducible  (e.g..  Differential  Photocalorimetry).  The  latter 
warrant  additional,  broader-based  work  to  develop  standard 
test  procedures  for  use  by  fiber  manufacturers  and  users. 


INTRODUCTION 

Many  properties  of  an  optical  fiber  coating  (for  example,  its 
tensile  modulus)  depend  upon  its  extent  of  cure  or  crosslink 
density. I’i  In  a  previous  paperf^l,  we  demonstrated  that  the 
long  term  mechanical  properties  of  optical  fibers  are  affected 
by  the  extent  of  cure  of  the  coating.  Lower  extents  of  cure 
result  in  lower  median  strengths,  broader  strength 
distributions,  and  lower  resistance  to  static  and  dynamic 
fatigue.  This  increases  the  susceptibility  of  the  fiber  to 
failure  under  high  stresses  that  may  occur  during  installation 
Of  under  residual  stresses  present  throughout  the  fiber’s 
sefvice  life.  The  measurement  of  coating  cure  is  therefore  of 
concern  not  only  for  manufacturing  operations,  but  also  for 
assuring  the  reliability  of  a  finished  fiber  optic  cable. 

Unfortunately,  the  industry  has  not  agreed  on  a  definition  of 
••full  coating  cure”  and  lacks  a  standardized  technique  for 
measuring  the  extent  of  cure.  In  this  paper  we  review  a  wide 
range  of  techniques  that  are  applicable  to  measuring  the  extent 
of  cure.  These  include  qualitative  measures  such  as  color  and 
residual  odor  as  well  as  specific  thermo-chemical  analyses 
that  focus  on  measuring  the  extent  of  the  crosslinking  reaction 
and/or  the  fraction  of  residual  unreacted  material.  All 
techniques  were  compared  using  the  four  fibers  with  different 
extents  of  coating  cure  whose  mechanical  characteristics 
(dynamic  tensile  and  bending  strength  and  fatigue)  were 
reported  in  [2];  these  fibers  were  coated  with  Desolite®  950- 
008,  a  hard,  high-modulus  single-coat  coating.  The  more 
successful  techniques  were  also  applied  to  sample  fibers  coated 
with  Desolite®  950-133,  a  soft,  low-modulus  single-coat 
coating,  using  two  different  extents  of  cure. 


After  describing  the  preparation  of  the  sample  fibers,  we 
explain  the  varie  s  measurement  techniques  and  present  data 
for  the  sample  fibers.  We  compare  and  discuss  the  advantages 
and  disadvantages  of  the  techniques  and  the  significance  of  the 
results  and  we  conclude  with  comments  on  the  possible 
standardization  of  several  measurement  techniques. 

SAMPLE  PREPARATION 

All  samples  were  prepared  in  Bellcore's  experimental  fiber 
drawing  tower.  Two  single-coat  coatings  were  selected  that 
represent  the  extremes  available  with  polyurethane  acrylate 
coatings.  As  shown  in  Table  1,  Desolite®  950-008  is  similar 
to  a  secondary  coating,  with  a  high  tensile  modulus  and 
strength,  a  high  glass  transition  temperature,  and  low 
adhesion  to  glass;  its  modulus  varies  relatively  slowly  with 
temperature.  In  contrast,  Desolite®  950-133  (Table  1)has  a 
low  tensile  modulus  and  strength,  a  lower  glass  transition 
temperature,  and  high  adhesion  to  glass;  its  modulus  is  ten 
times  more  sensitive  to  temperature  than  that  of  950-008. 


table  1 .  PROPERTIES  OF  CURED  COATING  FILMS 


Property 

950-008 

950-133 

Tensile  Modulus  (23°C) 

620  MPa 

32  MPa 

Tensile  Modulus  (-40'C) 

1520  MPa 

850  MPa 

Tensile  Strength  (23°C) 

26  MPa 

9  MPa 

Glass  Transition  Temperature 

52“C 

34°C 

Adhesion  to  Glass  (50%RH) 

lOg 

150g 

Curing  is  a  function  of  the  ultra-violet  (UV)  dose,  which  is 
directly  proportional  to  the  UV  lamp  intensity  and  inversely 
proportional  to  the  draw  speed.  The  UV  curing  lamps  in  the 
draw  tower  are  12-inch  long,  200  W/in  medium  pressure 
mercury  vapor  quartz  lamps  from  Canrad-Hanovia.  Two 
different  power  settings  were  used,  as  shown  in  Table  2.  The 
draw  speed  in  the  tower  is  continuously  variable  from  less 
than  5  m/min  to  over  60  m/min;  the  best  control  is  obtained 
in  a  range  from  20  to  50  m/min.  Full  use  was  made  of  this 
range  in  drawing  the  sample  fibers  (Table  2). 


TABLE  2.  DESCRIPTIONS  OF  FIBER  SAMPLES 


Draw 

Lamp 

Coating 

Weight 

Fiber  Sample 

( 

Speed 

Eflaer 

Diameter 

Fraction 

950-008 

#1 

23 

m/min 

3500W 

233  pm 

58.0% 

950-008 

#2 

38 

m/min 

3500W 

244  pm 

59.0% 

950-008 

#3 

50 

m/min 

3500W 

262  pm 

64.5% 

950-008 

#4 

50 

m/min 

2500W 

261  pm 

64.5% 

950-133 

#1 

40 

m/min 

3500W 

240  pm 

56.0% 

950-133 

#2 

40 

m/min 

2500W 

230  pm 

56.0% 
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As  detailed  in  [2],  we  pulied  UV-sensitive  labels  through  the 
draw  tower  to  estimate  the  doses  seen  by  the  coating  at  various 
draw  speeds  and  lamp  powers.  The  drawing  conditions  in  Table 
2  were  selected  by  comparing  the  coior  changes  of  these  labels 
with  those  of  identical  labels  exposed  in  a  UV  conveyor  belt 
system  to  known  doses  as  measured  by  a  radiometer. 

The  fibers  were  drawn  from  fire-polished  fused  silica  rods  to 
a  diameter  of  123+1  pm.  The  outer  diameter  of  the  coating 
(Table  2)  is  controlled  by  the  die  in  the  coating  cup;  the  die 
wore  considerably  from  other  uses  between  the  first  and  last 
pairs  of  008-coated  fibers,  so  a  new  die  was  used  for  the 
133-coated  fibers.  The  weight  fraction  of  each  coating  is 
determined  by  the  die  diameter,  since  the  glass  diameter  is 
constant;  Table  2  shows  the  weight  fractions  as  determined  by 
stripping  the  fiber  and  by  thermogravimetric  analysis  (TGA). 

MEASUREMENT  TECHNIQUES 
Infrared  Spectroscopy 

The  extent  of  cure  of  a  UV-curable  polyurethane  acrylate 
coating  can  be  characterized  by  its  degree  of  acrylate 
unsaturation.  The  magnitude  of  the  acrylate  absorption  peak  at 
810  cm  '  indicates  the  degree  of  unsaturation;  it  can  be 
measured  using  Fourier  Transform  Infrared  (FTIR) 
Spectroscopy  -  Attenuated  Total  Reflectance  (ATR)  techniques. 
Lengths  of  coated  fiber  are  mounted  on  opposing  faces  of  the 
crystal  through  which  the  infrared  beam  is  passed;  energy  is 
absorbed  by  the  coating  at  each  of  the  multiple  reflections 
from  the  coating/crystal  interface.  The  greater  the  extent  of 
cure  of  the  coating,  the  the  lower  the  degree  of  unsaturafion 
and  the  smaller  the  total  absorption  peak  compared  to  that  of 
the  liquid  resin.  The  decrease  in  unsaturation  from  the  liquid 
resin  to  the  cured  coating  is  normalized  to  an  internal  standard 
and  is  used  to  calculate  the  percent  reacted  acrylate 
unsaturation  (%RAU).  Table  3  gives  the  %RAU  for  the  four 
008-coated  fibers  and  the  two  133-coated  fibers. 

Differential _ Photocalorimetrv 

The  extent  of  cure  of  a  fiber  coating  can  also  be  measured  by 
determining  the  amount  of  residual  crosslinking  reaction. 
Differential  photocalorimetry  (DPC)  measures  the  heat  of 
reaction  when  a  partially  cured  coating  is  re-exposed  to  UV 
light  and  the  curing  reaction  is  carried  to  practical 
completion.  The  heat  of  the  residual  reaction  in  Joules  per 
gram  of  coating  material  (J/g)  can  be  compared  to  the  heat  of 
reaction  when  the  liquid  resin  is  cured  to  the  same  stage  of 
completion  under  the  same  UV  source.  In  each  case,  a  small 
sample  (of  resin  or  coated  fiber)  is  placed  in  a  pan  in  a 
differential  scanning  calorimeter;  it  is  exposed  to  a  UV  light  of 
known  intensity  for  a  controlled  time  period,  and  the  heat  of 
the  (residual)  curing  reaction  is  measured.  Full  curing  of  the 


FIGURE  1 .  HEAT  FLOW  OF  RESIDUAL  CURING  REACTION 
(A)  950-008  #1;  (B)  950-008  #4 

008  resin  generates  a  heat  of  reaction  of  100.9  J/g,  while  the 
133  resin  generates  61.9  J/g.  The  values  for  the  residual 
reactions  for  the  four  008-coated  fibers  and  the  two  133- 
coated  fibers  are  given  in  Table  3  and  constitute  only  a  few 
percent  of  the  total  curing  reaction  for  the  liquid  resin. 
Figure  1  compares  the  heat  flow  curves  for  typical  high  and 
low  cure  coated  fibers,  in  this  case  the  highest  and  lowest 
cured  008  coatings;  the  offset  from  zero  that  develops  during 
the  test  is  an  artifact  of  the  heat  emanating  from  the  UV  source. 

Svaporatign  Rate  Apalvsis 

Increasing  the  extent  of  cure  of  a  polymeric  coating  increases 
its  crosslink  density,  which  lowers  its  permeability  to  and 
absorption  of  solvents.  In  evaporation  rate  analysis  (ERA),  a 
solvent  or  a  solvent  blend  containing  minute  amounts  of  a 
radioactive  tracer  is  applied  to  a  sample  of  coated  fiber  and 
evaporated  by  an  air  stream  directed  over  the  sample.  The 
higher  the  extent  of  cure,  the  faster  the  rate  of  evaporation, 
since  less  solvent  is  absorbed  and  retained  in  the  coating.  The 
rate  of  evaporation  is  monitored  by  detecting  emissions  from 
the  radioactive  tracer.  The  ratio  of  the  highest  detected  count 
(the  peak  solvent  concenfration)  to  the  count  at  the  end  of  the 


TABLE  3.  MEASUREMENTS  OF  EXTENT  OF  COATING  CURING  REACTION  FOR  SAMPLE  FIBERS 


Property 

Reacted 

950.-Q08  ffl 

950-008  #2 

950.008  #3 

95Q-008. 

950-133  #1 

950-133  #2 

Acrylate 

Unsaturation 

95% 

96% 

86% 

70% 

97% 

95% 

Residual 

Reaction 

0.45  J/g 

0.30  J/g 

1.97  J/g 

3.13  J/g 

1.33  J/g 

3.10  J/g 

ERA  Cure  Index 

458 

1  77 

164 

1  50 

1  03 

101 

Total  Count 

545 

2218 

3626 

4602 

4443 

5291 

Extractables 

1.77% 

2.08% 

6.21% 

9.24% 

6.25% 

9.28% 
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test  (when  most  of  the  solvent  has  evaporated)  gives  a  measure 
of  the  extent  of  coating  cure.  In  particular,  a  "cure  index"  is 
often  used  which  is  proportional  to  the  ratio  of  the  log  of  the 
count  for  the  highest  30-sec  interval  to  the  count  for  the  last 
30-sec  interval  in  a  three-minute  test.f^l  A  high  cure  index 
corresponds  to  a  rapid  evaporation  of  solvent  and  a  high  extent 
of  cure.  The  fotal  counf  of  detected  emissions  is  also  sometimes 
helpful  in  assessing  extent  of  cure;  in  this  case,  highly  cured 
coatings  result  in  rapid  evaporation  of  the  solvent  and  tracer, 
so  low  total  counts  correspond  to  high  extents  of  cure.  Table  3 
gives  the  cure  index  and  total  count  for  all  sample  fibers. 

Extraclian 

Another  measure  of  the  extent  of  cure  of  a  crosslinked  coating 
is  the  amount  of  material  that  can  be  extracted  from  the 
coating  through  immersion  in  a  solvent.  Fiber  Optic  Test 
Procedure  FOTP-IOl^l  specifies  a  procedure  using  soxhiet 
extraction  that  can  be  used  to  assess  varying  extents  of  cure  cf 
a  given  coating,  though  not  to  compare  different  coatings. 
Samples  of  fiber  are  soaked  repeatedly  in  freshly  distilled 
warm  methyl  ethyl  ketone  (MEK)  solvent  for  a  period  of  at 
least  15  hours;  extracted  material  is  periodically  flushed 
away  in  the  extraction  apparatus.  The  resulting  weight  loss, 
due  to  the  removal  of  unreacted  coating  resin  and  possibly 
some  residual  photoinitiator,  is  used  as  a  measure  of  cure. 
Higher  weight  losses  correspond  to  lower  extents  of  cure.  The 
results  for  all  six  sample  fibers  are  shown  in  Table  3. 

Dielectric  Measurements 

As  the  curing  reaction  proceeds  in  a  coating,  its  dielectric 
properties  change.  While  the  raw  resin  is  somewhat 
conductive  due  to  the  readily  reactive  material,  the  cured 
coating  develops  a  high  resistivity  as  the  reactive  sites  are 
consumed  in  the  ongoing  crosslinking  reaction.  Similarly,  the 
dielectric  constant  e  changes  as  dipole  moments  in  the 
molecular  structure  are  frozen  in  place  by  the  reaction. 
Dielectric  analysis,  sometimes  referred  to  as  dielectrometry, 
can  be  used  to  measure  these  changes  and  assess  the  extent  of 
cure.f®) 

Changes  in  e  are  most  readily  measured  by  using  the  material 
as  the  dielectric  in  a  capacitor.  Coated  fiber  is  particularly 
unsuited  to  this;  a  layer  of  fibers  placed  between  the  plates  of  a 
capacitance  sensor  contains  both  air  and  glass  dielectrics  as 
well  as  the  coating.  Both  materials  affect  the  measured  value 
of  £,  and  the  variability  in  the  open  spaces  in  a  layer  of  fibers 
results  in  very  poor  reproducibility  of  the  measurements.  It 
was  quickly  apparent  that  we  could  not  measure  differences  in 
dielectric  constant  among  the  sample  fibers. 

The  resistivity  of  fiber  samples  is  more  readily  determined. 
We  used  three  different  instruments  to  assess  the  resistivity 
by  measuring;  (1)  the  resistance  in  mil  of  lengths  of  coated 
fiber  over  a  frequency  range  from  100  Hz  to  100  kHz;  (2)  the 
leakage  current  in  pA  under  ac  stresses  up  to  4  kV;  and  (3) 
the  insulation  resistance  under  dc  stresses  up  to  1  kV.  A 
sampling  of  the  results  of  these  measurements  for  the  four 
008-coafed  fibers  is  shown  in  Figure  2.  We  chose  not  to  apply 
these  tests  to  the  133-coated  fibers  because  of  the  difficulty  in 
differentiating  among  the  various  ‘  .xtents  of  cure  of  the  008- 
coated  fibers. 

Physical  Characteristics 

Differences  exist  between  the  sample  fibers  that  allowed  at 
least  some  of  the  spools  to  be  identified  without  reading  the 
labels.  These  observable  differences  are  summarized  in  Table 
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FIGURE  2.  DIELECTRIC  MEASUREMENTS  ON  FIBERS 
(A)  Impedance  at  Various  Frequencies 
(B)  Leakage  Current  at  Different  AC  Voltages 
(C)  Insulation  Resistance  at  Different  DC  Voltages 


4.  The  colors  of  the  008  coatings  with  the  highest  and  lowest 
extent  of  cure  could  be  diffeientiated  from  all  other  samples. 
The  133-coated  fibers  had  a  slight  residual  acrylate  odor  that 
gradually  faded  with  time;  for  the  C08-coated  fibers,  this  was 
only  observed  with  the  fiber  with  the  lowest  extent  of  cure. 
The  1 33-coated  fibers  had  soft  surfaces  as  opposed  to  the  hard 
outer  surface  of  the  008-coated  fibers.  Again,  the  lowest- 
cured  008-coated  fiber  was  distinct  in  having  a  very  slight 
tackiness  to  its  surface,  but  this  caused  no  problems  in 
spooling  or  handling  the  fiber,  indicating  that  this  represents 
the  least-cured  sample  that  might  inadvertently  slip  through  a 
manufacturer's  quality  control  screening. 
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TABLE  4.  PHYSICAL  CHARACTERISTICS  OF  FIBER  SAMPLES 


Fiber  Sample 

Color 

Odor 

Suxlaiiifi 

950-008 

#1 

Dull  Yellow 

None 

Hard,  Brittle 

950-008 

#2 

Clear 

None 

Smooth 

950-008 

#3 

Clear 

None 

Smooth 

950-008 

#4 

Very  Slight 

Noticeable 

Very  Slight 

Milkiness 

Acrylate 

Tackiness 

950-133 

#1 

Clear 

Slight 

Acrylate 

Soft 

950-133 

#2 

Clear 

Lingering 

Acrylate 

Soft,  Uneven 

The  color  measurement  can  be  quantified  using  a  chromameter, 
which  locates  colors  in  three-dimensional  space  (brightness, 
red/green  hue.  and  yellow/blue  hue).  Measured  colors  for  the 
008-coated  fibers  are  shown  in  Figure  3  (the  red/green 
components  of  color  are  negligible).  The  perceived  yellowness 
of  fiber  #1  is  readily  confirmed;  for  all  practical  purposes, 
however,  the  other  fibers  are  indistinguishable. 
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FIGURE  3.  MEASURED  COLOR  OF  008-COATED  FIBERS 


Hydrogen  Generation 


We  used  two  similar  methods  to  measure  the  amount  of 
hydrogen  generated.  In  both,  coated  fiber  samples  were  aged  in 
capped  headspace  vials,  using  lg  of  sample  per  20  ml  of  vial 
volume.  In  the  first  test,  fibers  were  aged  at  80°C  in  an  argon 
atmosphere;  after  24  hours,  samples  of  the  headspace  gas  were 
injected  into  a  calibrated  Key-Med  Exhaled  Hydrogen  Monitor 
In  the  second  test,  the  fibers  were  aged  at  100°C  in  air.  In 
accordance  with  proposed  FOTP-182W,  the  vials  were  flushed 
after  72  hours;  after  an  additional  24  hours  of  aging,  gas 
samples  were  injected  into  a  caiibrated  gas  chromatograph 
equipped  with  a  thermal  conductivity  detector.  These  hydrogen 
concentrations  represent  a  steady  state  condition,  rather  than 
an  initial  burst;  similar  results  were  obtained  when  the  first 
method  was  extended  to  this  longer  aging  period.  All  data  were 
converted  into  microliters  of  hydrogen  evolved  per  gram  of 
coating  and  are  given  in  Table  5. 

Weight  Loss 

To  the  extent  that  a  coating  is  undercured,  a  greater  amount  of 
volatile  material  is  released  when  the  fiber  is  heated.  The 
weight  loss  due  to  volatilization  can  be  measured  using  TGA, 
We  performed  two  types  of  experiments.  In  one,  the  stacked 
fibers  in  the  sample  pan  were  heated  from  50°C  to  600°C  at  a 
rate  of  20‘’C/min.  The  weight  losses  of  the  various  samples 
were  compared  at  each  of  several  temperatures  for  evidence  of 
differences  in  the  extent  of  cure.  The  data  at  200°C  are  given 
in  Table  5.  In  the  other  test,  samples  were  held  isothermally 
at  200°C  and  the  weight  losses  measured  after  30  minutes. 
Other  samples  run  at  150^0  and  250°C  confirmed  the  200°C 
data.  These  data  are  also  given  in  Table  5. 

Oxidation  Onset 

Different  crosslink  densities  in  a  polymer  coating  should 
change  its  susceptibility  to  oxidation.  Sample.«  of  coated  fiber 
were  heated  in  a  differential  thermal  ana.yzer  (DTA)  in 
oxygen  at  a  rate  of  lO°C/min  to  250”C.  The  onset  of  oxidation 
was  defined  as  the  temperature  at  which  the  extrapolated 
oxidation  exotherm  intersected  the  baseline.  Data  for  the 
008-coated  samples  is  given  in  Table  5.  This  procedure  was 
not  applied  to  the  133-coated  samples  because  of  its  inability 
to  diffe'entiate  among  the  various  extents  of  cure. 


Another  potential  method  for  assessing  the  relative  extent  of 
cure  of  a  coating  is  measuring  the  amount  of  hydrogen  gas 
generated  when  the  coated  fiber  is  subjected  to  accelerated 
aging.  The  quantity  of  hydrogen  evolved  from  UV-curable 
coatings  depends  upon  the  choice  of  photoinitiator  and  oligomer 
type.  Hydrogen  generation  generally  decreases  with  higher 
extents  of  cure.  However,  UV  doses  in  excess  of  the 
manufacturer's  recommendation  can  increase  the  amount  of 
hydrogen  evolved. 


Water  or  Solvent  Soak 

One  function  of  a  fiber  coating  is  to  protect  the  glass  from 
water  and  solvents  that  can  cause  stress-induced  corrosion.  As 
noted  above,  the  permeability  of  a  polymeric  coating  varies 
with  its  extent  of  cure.  Recent  workl®)  has  shown  that  water 
absorption  by  a  coating  is  a  dynamic  process,  with  an  initial 
weight  gain  followed  by  a  weight  loss  due  to  slow  extraction  of 
unreacted  material.  A  modification  of  this  test  was  applied  to 


TABLE  5.  CURE  MEASUREMENT  BY  HYDROGEN  GB^ERATION  AND  THERMAL  ANALYSIS  TECHNIQUES 


Property  950-008  #1  9.5Q-QQ8  ff2 
H2  Generation® 


Key-Med 

0.5  pl/g 

0.4pl/g 

Chromatograph 

0.8  pl/g 

<0.3  pl/g 

TGA  Weight  Loss 

Ramp  at  200°C 

1 .8% 

•  -  - 

Isothermal  at 

isox 

0.46^0 

-  -  - 

200°C 

0.69% 

0.83% 

250^ 

3.0% 

-  -  - 

Oxidation  Onset 

19rC 

192''C 

®See  text  for  comparison  of 

950-008  #3  950-008  #4  £50-133  ff1 


<0.1  pl/g 

<0.1  pl/g 

1.2  pl/g 

<0.3  pl/g 

<0.3  pl/g 

0.6  pl/g 

— 

2.2%, 

1 .3%, 

1 .7% 

1 .0%> 
3.3%. 

2.3% 

3.3%, 

204‘>C 

191  C 

two  methods. 


950-133  #2 

1.4  pl/g 
0.7  pl/g 


5.3% 


7.7% 
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the  008-coated  fibers.  Samples  were  Immersed  in  deionized 
water  at  20°C  and  85°C  and  in  MEK  at  20°C.  The  samples 
were  weighed  immediately  after  being  removed  from  the  liquid 
and  again  after  being  reconditioned  in  a  20°C,  45%  RH 
environment.  Both  the  amount  of  water  or  MEK  absorbed  by 
the  coating  and  the  amount  of  coating  material  extracted  due  to 
immersion  were  thus  assessed.  Typical  plots  of  weight  gain  or 
loss  as  a  function  of  time  are  shown  in  Figure  4. 

Abrasion  Resistance 

The  coating  also  protects  the  glass  fiber  from  abrasion  -  nicks 
and  scratches  due  to  spooling,  cabling,  and  handling.  This 
measure  of  comparative  performance  among  coatings  can  also 
be  used  to  measure  the  extent  of  cure  of  a  specific  coating.  The 
higher  crosslink  density  of  a  highly  cured  coating  increases  its 
toughness  and  hence  its  abrasion  resistance.  We  measured 
abrasion  resistance  using  the  procedure  of  FOTP-66W  in 
which  a  falling  abrasive  impinges  on  a  tensioned  fiber  sample. 
The  average  amount  of  abrasive  required  to  break  each  of  the 
sample  fibers  is  given  in  Table  6. 

Coating  Strip  Force 

The  ability  of  the  coating  to  adhere  to  the  glass,  yet  be  stripped 
off  (e.g.,  for  splicing),  is  another  measure  of  performance 
that  can  be  used  to  monitor  the  extent  of  cure.  FOTP- 178(^1 
specifies  a  standard  stripping  tool  mounted  in  a  universal 
tensile  testing  machine  to  measure  the  force  required  to  strip 
the  coating  from  the  glass.  We  performed  this  test  at  50 
cm/min  using  a  3-cm  gauge  length  for  all  samples.  We  also 
repeated  the  test  on  the  008-coated  fibers  using  a  gauge  length 
of  1  cm  to  determine  the  sensitivity  to  gauge  length.  The 
results  of  all  tests  are  shown  in  Table  6. 

Pull-Out  (Coating  Adhesion) 

The  adhesion  of  the  coating  to  the  glass  is  only  one  factor  that 
affects  the  strip  force.  A  more  direct  measure  of  adhesion  is 
the  force  required  to  pull  the  glass  out  of  a  length  of  coating. 
Proposed  FOTP-IOSl^l  provides  a  standard  technique  for 
making  this  measurement.  A  1-cm  length  of  fiber  is  bonded  to 
a  substrate,  the  coating  is  nicked,  and  the  glass  is  pulled  out  of 
the  anchored  length  of  coating.  Recognizing  that  this  FOTP  is 
still  under  development,  we  applied  it  to  the  008-coated 
fibers  in  an  effort  to  learn  about  both  the  procedure  and  the 
fibers.  Although  we  had  some  problems  and  identified 
necessary  refinements  in  the  method,  we  also  obtained  useful 
data,  which  is  summarized  in  Table  6. 
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FIGURE  4.  WEIGHT  GAIN  /LOSS  FOR  008-COATED  FIBERS 

(A)  At  Removal  from  20°C  Dl  Water 

(B)At  Removal  and  after  Reconditioning  from  SO'C  Dl  Water 

(C)  After  Reconditioning  from  20'C  MEK 


TABLE  6.  MECHANICAL  MEASURES  OF  EXTENT  OF  CURE  FOR  SAMPLE  FIBERS 


Property 

■smauuw.Ai 

IsM'l'MrH'J'J 

EnSISiSriRS 

pKviSisr^Ri 

RiSSBiBi 

a5fl:.123  #2 

Abrasion 

Resistance 

1.662  kg 

2.041  kg 

2.349  kg 

1.973  kg 

1.834  kg 

0.527  kg 

Strip  Force 
(3  cm  gage) 

6.63N 

5.84N 

5.66N 

6.32N 

3.35N 

2.42N 

Strip  Force 
(1  cm  gage) 

5.92N 

5.48N 

4.97N 

5.71N 

Pull-Out 

(Adhesion) 

13.24N 

® 

28.04N 

22.55N 

Median 

Tensile 

Strength 

4399  MPa 

4034  MPa 

3834  MPa 

3758  MPa 

4454  MPa 

4447  MPa 

CD  Adhesive  bond  or  fiber  itself  broke  for  all  samples. 
®  Strain  rate  2.5%/min  (see  (2)). 
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Fiber  Strength 

Fiber  strength  is  another  performance  parameter  that  might 
serve  to  measure  the  extent  of  cure.  In  [2],  we  demonstrated 
that  the  strength  and  fatigue  resistance  of  the  008-coated 
fibers  in  both  tension  and  bending  changed  with  the  extent  of 
coating  cure;  typical  results  are  given  in  Table  6.  We  also 
performed  tensile  strength  tests  on  the  133-coated  fibers  as 
specified  in  FOTP-28Bl‘*l.  These  results  are  also  in  Table  6. 


DISCUSSION 

The  data  above  show  that  several  of  the  techniques  are  not 
sufficiently  sensitive  to  use  for  measuring  the  extent  of 
coating  cure.  The  impedance  of  the  coating  is  insensitive  to  the 
extent  of  cure  over  a  wide  range  of  frequencies  (Figure  2A). 
The  ac  leakage  current  (Figure  2B)  is  found  by  subtracting  the 
leakage  without  a  sample  present  from  that  with  a  sample  in 
place;  both  values  are  around  100  pA  and  the  subtraction 
yields  very  poor  reproducibility  for  the  measurement.  The 
insulation  resistance  of  the  coating  (Figure  2C)  is 
exceptionally  sensitive  to  the  surroundings,  resulting  in  wide 
swings  on  the  meter;  this  again  leads  to  very  poor 
reproducibility.  One  factor  contributing  to  these  problems  is 
the  high  surface-to-volume  ratio  of  the  coating.  Volume 
properties  that  are  most  affected  by  differing  extents  of  cure 
can  be  masked  by  outer  surface  effects,  where  the  extent  of 
cure  differs  less  and  environmental  effects  can  be  significant. 

Similarly,  the  physical  characteristics  of  the  coating  are  poor 
indicators  of  the  extent  of  cure.  Coatings  with  very  high  and 
very  low  extents  of  cure  might  be  identified  by  color  or  odor 
(Table  4),  but  these  are  subjective  judgements.  Even 
quantifying  the  color  measurement  fails  to  differentiate  among 
samples  with  very  different  cures  (Figure  3).  Experienced 
shop  personnel  should  be  immediately  aware  of  and  act  to 
correct  a  problem  in  the  manufacturing  process  indicated  by 
such  gross  changes. 

Hydrogen  generation  is  poorly  suited  to  determining  the  extent 
of  cure  of  polyurethane  acrylate  coatings  that  currently 
dominate  the  market.  Coating  manufacturers  have  emphasized 
reduced  hydrogen  evolution,  so  that  present  coatings  release 
very  little  hydrogen,  even  when  overcured’  or  'undercured'. 
The  subtle  differences  among  different  extents  of  cure  cannot 
be  reliably  measured  using  currently  available  instruments. 

The  onset  of  oxidation  does  not  distinguish  highly  cured  (008 
#1),  moderately  cured  (#2),  and  poorly  cured  (#4)  fibers 
(Table  5).  This  technique  is  therefore  unsatisfactory  and  not 
worth  further  investigation  as  a  measure  of  extent  of  cure. 

The  pull-out  or  adhesion  test  presents  a  unique  situation.  Our 
experience  indicates  a  number  of  difficulties  with  the  test 
procedure,  but  the  proposed  FOTP  is  still  in  the  draft  stage. 
With  better  controls  and  insfrucfions,  it  could  become  a  useful 
and  meaningful  test,  and  it  does  warrant  further  exploration. 

It  should  be  noted  here  that  our  test  program,  while  extensive, 
was  not  all-inclusive.  Differential  scanning  calorimetry 
(DSC)  should  distinguish  among  different  extents  of  cure  by 
differences  in  the  glass  transition  temperature,  Tg;  however, 
initial  efforts  to  use  this  technique  gave  such  poor  results  that 
we  chose  not  to  pursue  it.  Also,  although  we  have  not  yet 
pursued  thermal  mechanical  analysis  (TMA),  either  static  or 
dynamic  measurements  could  have  sufficient  sensitivity  to 
differentiate  among  various  extents  of  coating  cure. 


While  none  of  the  tests  we  performed  are  without  drawbacks, 
many  of  them  appear  to  be  sensitive  and  reproducible.  Both 
FTIR  and  DPC  involve  relatively  expensive  apparatus  -  in  the 
case  of  DPC,  a  specialized  instrument  with  limited  uses  in  a 
manufacturing  facility.  The  ERA  apparatus  is  less  expensive, 
but  the  results  appear  to  be  strongly  dependent  upon  the 
characteristics  of  the  coating.  All  of  these  tests  can  give 
answers  in  a  matter  of  minutes  using  less  than  1m  of  fiber, 
although  repetitive  testing  to  increase  confidence  takes  longer. 
Similar  advantages  in  speed,  sample  size,  and  sensitivity  apply 
to  the  TGA  weight  loss  test,  although  again  a  relatively 
expensive  piece  of  apparatus  is  required.  The  extraction  test, 
in  contrast,  uses  relatively  inexpensive  apparatus  but 
consumes  up  to  250m  of  fiber  for  each  test.  Also,  several  days 
may  be  required  to  prepare,  condition,  extract,  dry,  and 
recondition  the  samples,  which  could  be  unacceptable  in  a 
manufacturing  environment. 

The  water/solvent  soak  technique  for  measuring  weight  gain  or 
loss  suffers  from  similar  problems.  Although  different 
extents  of  cure  can  be  identified,  the  ability  to  rank  order  the 
samples  depends  upon  the  solvent,  duration,  temperature,  and 
the  time  allowed  for  reconditioning  (Figure  4).  Two  to  five 
days  may  be  necessary  to  precondition,  soak,  and  recondition 
the  samples.  In  addition,  the  small  changes  in  weight 
necessitate  either  a  very  sensitive  balance  or  relatively  large 
volumes  of  fiber  (and  appropriately  large  soak  baths). 

Abrasion  resistance  and  strip  force  tests  both  provide  results 
in  about  an  hour  for  multiple  samples,  and  both  use  only  a  few 
meters  of  fiber.  Both  relate  to  field  performance,  since  they 
measure  characteristics  that  are  significant  when  the  fiber  is 
handled,  e  g.,  for  splicing.  A  significant  drawback  is  that  they 
do  not  distinguish  highly  cured  from  poorly  cured  coatings. 
Abrasion  resistance  decreases  at  the  extremes  (Table  6)  due  to 
brittleness  at  high  cure  and  softness  at  low  cure.  Strip  force 
increases  at  low  cure  (Table  6)  because  the  coating  buckles, 
rather  than  sliding  off  as  a  rigid  lube.  If  it  is  necessary  to 
determine  whether  the  cure  is  high  or  low  (for  example,  to 
control  process  parameters),  additional  tests  are  necessary. 

Fiber  strength,  while  clearly  affected  by  the  extent  of  coaling 
cure,  has  varying  sensitivity  for  different  coatings  (Table  6). 
Because  of  its  relevance  to  long-term  fiber  performance,  it 
would  be  premature  to  discontinue  study  of  this  technique. 
Test  environments  more  stressful  than  ambient  temperature 
and  humidity,  different  rates  for  applying  stress  or  strain, 
and  bending  (and/or  torsion)  all  warrant  further  exploration. 

The  data  indicate  that  measurements  of  the  curing  reaction 
(FTIR,  DPC,  ERA.  and  extraction)  offer  the  most  promise. 
Aside  from  TGA  weight  loss,  these  provide  the  only  values  that 
increase  (or  decrease)  monotonically  with  cure  dose.  All 
measurements  saturate'  at  high  extents  of  cure:  008  sample 
#2  was  exposed  to  about  60%  of  the  UV  dose  for  #1.  yet  both 
samples  give  comparable  values  for  %  RAU,  residual  J/g,  and 
%  exfractables  (Table  3).  The  ERA  data  show  saturation  for 
the  133  samples,  although  not  for  the  008  samples.  For  TGA 
weight  loss,  reduced  sensitivity  extends  to  008  #3  as  well. 
Figure  5  plots  %RAU,  residual  J/g,  ERA  index  and  total  count, 
strength,  and  %  extractables  for  008  samples  2  -  4  (plotted 
proportional  to  their  relative  doses).  All  data  show  apparent 
linearities,  indicating  that  linear  relationships  may  exist 
among  these  cure  indicators  and  with  long-term  fiber 
strength.  However,  data  must  be  collected  for  a  wider  range  of 
coatings  before  any  correlation  is  used  in  a  predictive  manner. 
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FIGURE  5.  EXTENT  OF  CURE  INDICATORS  VS.  DOSE 
FOR  008-COATED  FIBERS 


CONCLUSIONS 

Our  data  indicate  that  the  techniques  used  to  evaluate  the  extent 
ol  cure  of  fiber  coatings  fall  into  three  categories.  Dielectric 
measurements,  hydrogen  generation,  and  oxidation  onset  are 
among  those  that  lack  the  sensitivity  to  differentiate  among 
varying  extents  of  cure,  even  for  very  different  UV  doses. 
Water/solvent  soak  ,  abrasion  resistance,  and  strip  force  have 
adequate  sensitivity;  however,  the  first  requires  the  accurate 
measurement  of  small  and  variable  changes,  while  the  latter 
cannot  differentiate  highly  cured  from  poorly  cured  coatings. 
FTIR,  DPC,  ERA,  and  solvent  extraction  form  the  third 
category,  offering  promise  for  providing  sensitive  and 
reproducible  measures  of  the  extent  of  cure;  in  fact,  a  standard 
extraction  procedure  already  exists.  While  the  dependence  of 
the  test  results  upon  UV  cure  dose  must  be  established 
independently  for  individual  coatings,  our  data  indicate  that  the 
remaining  techniques  should  be  actively  pursued  with  a  goal  of 
developing  additional  industry-standard  test  procedures. 
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EXPERIMENTAL 


Abstract 

Optical  fiber  is  being  increasingly  used  in  the  subscriber  loop  and  on  customer 
sites,  where  it  can  be  exposed  to  a  wide  variety  of  chemicals.  These  chemicals 
can  affect  the  physical  properties  of  protective  inner  and  outer  primary 
coatings,  thereby  endangering  the  mechanical  reliability  of  the  optical  fiber.  The 
effect  of  nine  common  chemical  environments  on  the  dynamic  mechanical 
properties  of  ultra-violet  (UV)  light  curable  inner  and  outer  primary  coatings  was 
studied.  The  glass  transition  temperatures  of  most  of  the  coatings  were  four\d 
to  increase  in  most  of  the  environments.  The  equilibrium  moduli!  were  largely 
unaffected  for  most  of  the  coatings  in  most  of  the  environments.  Dynamic 
weight  change  revealed  that  some  iriner  primary  coatings  swelled  considerably 
compared  to  the  outer  primary  coatings.  From  the  dynamic  weight  change  and 
dynamic  mechanical  data,  approximate  values  of  solvent-coating  interaction 
parameters  were  calculated  for  two  coatings. 


INTRODUCTION 


Stringent  demands  are  being  placed  on  optical  fiber 
coatings  to  protect  the  relatively  fragile  glass  fiber. 
As  fiber  to  the  home  becomes  reality,  it  is  important 
for  organic  coatings  to  protect  fiber  after  exposure  to 
some  common  household  chemicals.  ^  The  effects  of 
hydrocarbon  gels  and  other  cable  filling  compounds 
on  the  coating  and  fiber  has  been  reported. While 
much  work  has  been  done  on  the  effects  of  water  on 
coatings'*  and  glass  fibers^  ®,  not  much  work  has 
been  published  on  the  effects  of  various  other 
chemicals  on  fiber  optic  coatings. 

This  paper  focuses  on  the  changes  of  coatings  after 
exposure  to  various  common  chemicals.  These 
changes  were  monitored  by  Dynamic  Mechanical 
Analysis  (DMA)  and  by  a  dynamic  weight  change 
test.  Chemicals  for  this  test  were  chosen  to 
encompass  as  broad  a  range  of  polarities  and  solvent 
properties  as  possible.  The  DMA  test  was  chosen 
because  any  Tg  or  crosslink  density  changes  can  be 
easily  recognized  by  this  extremely  sensitive  test. 
The  weight  change  test  was  included  to  illustrate  the 
affinity  of  the  chemicals  for  the  coatings. 

Dual  coat  construction,  which  includes  a  low 
modulus  inner  primary  and  a  high  modulus  outer 
primary  coating,  is  a  widely  used  fiber  structure.  For 
this  study,  both  types  of  materials  were  studied. 
Both  commercial  and  developmental  coatings  are 
included  in  the  study. 


Coating  Preparation 


All  coating  formulations  were  prepared  in  a  similar 
manner  using  reactants  and  diluents  obtained  from 
the  manufacturers  without  further  purification. 

The  oligomers  were  weighed  into  eight-ounce  lined 
steel  cans.  The  remaining  ingredients  were  added 
and  the  cans  placed  in  a  60°C  oven  for  one  hour. 
The  contents  were  then  blended  with  an  air  mixer  for 
fifteen  minutes  on  a  hot  plate.  Each  solution  was 
filtered  through  an  extra-fine  ADTEC  filter  cone  into 
a  new,  cleaned,  lined  steel  can  and  was  centrifuged 
at  1500  rpm  for  five  minutes  to  remove  bubbles. 

See  Table  I  for  a  list  of  coatings  that  were  tested 
and  the  approximate  equilibrium  moduli  of  the 
resulting  cured  films. 


TabI*  I.  List  of  Coatingo  Uaad  in  Iha  Study  and  Thao  Approiimate  ModUl 


Coating  # 

Typa 

—  Equilibrium 
moduhia.  Mpa 

1 

Innar  Primary 

2.1 

2 

Innar  Primary 

2.2 

3 

bmar  Primary 

1.2 

4 

Innar  Primary 

2 

5 

kmar  Primary 

1.1 

6 

Innar  Primary 

2.5 

7 

Inrwr  Primary 

3.1 

8 

Outer  Primary 

24 

9 

Outer  Primary 

22 

10 

Outer  Primary 

36 

11 

Outer  Primary 

21 

12 

Outer  Primary 

23 

13 

Outer  Primary 

26 

14 

Outer  Primary 

13 
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Film  Preparation 

Each  coating  was  drawn  down  on  a  clean  9"  x  12" 
glass  plate  using  a  Pacific  Scientific  Automatic 
Drawdown  Apparatus  and  either  a  Gardner  3  mil  or 
6  mil  bird  bar  film  applicator.  The  higher  modulus 
coatings  were  drawn  down  to  a  nominal  thickness  of 
3  mils  while  the  lower  modulus  coatings  were  drawn 
down  to  a  nominal  thickness  of  6  mils.  The  coatings 
were  cured  to  100%  of  their  ultimate  moduli  using  a 
Fusion  Systems  Model  K523/2  Fusion  Unit.  Two 
films  were  prepared  for  each  coating  sample. 


Dynamic  Mechanical  Analysis 

One  film  for  each  coating  sample  was  cut  into  ten  to 
twelve  0.5”  x  8"  rectangular  strips  for  Dynamic 
Mechanical  Analysis  (DMA).  All  strips  were 
preconditioned  at  60°C  for  one  hour  to  minimize  any 
water  present  in  the  coatings  from  the  atmosphere 
humidity.  The  following  chemical  substances  were 
used  in  the  test: 


DMA  data  was  obtained  using  a  Rheometrics  Linear 
Rheometer  (Model  RDSLA).  The  frequency  was  set 
at  1.0  radian/second.  E',  E",  and  tan  delta  values 
were  printed  and  plotted  at  two  degrees  intervals. 

Before  starting  a  DMA  run,  the  sample  was 
preheated  to  80°C  for  a  minimum  of  five  minutes  in 
the  dry  nitrogen  atmosphere  (1%  RH)  of  the 
rheometer's  environmental  chamber  to  remove  water 
or  residual  solvent  that  may  have  been  present  and 
could  have  acted  as  a  plasticizer. 

Dynamic  Weight  Change  of  Coatings  Submerged  in 
Chemicals 


The  method  used  for  this  test  was  similar  to  the  one 
presented  by  Chawla  et  al®  except  that  other 
chemical  substances  were  used  in  addition  to 
distilled  water.  One  film  from  each  coating  was 
used  to  measure  the  amount  of  a  specific  chemical 
substance  that  was  absorbed  by  that  coating.  The 
following  chemical  substances  were  tested: 


WD-40  Lubricant  Spray 
Unleaded  Gasoline 
Acetone 


Water 

Acetone 

Gasoline 


1,1,1  Trichloroethane  Isopropanol 

Isopropyl  Alcohol  WD-40 


Deionized  Water 

5.25%  Bleach  Solution 

3.5%  Ammonia  Solution 

Xylene  Based  Wasp  and  Ant  Spray  (Inner 
Primaries) 

Water  Based  Wasp  and  Ant  Spray  (Outer 
Primaries) 

One  strip  from  each  coating  was  submerged  in  a 
different  chemical  substance  for  a  length  of  time 
dependent  on  the  modulus.  Low  moduli  coatings 
were  exposed  for  24  hours  while  high  moduli 
coatings  were  exposed  for  32  hours.  The  higher 
moduli  coatings  were  submerged  for  a  longer  time  to 
compensate  for  the  higher  crosslink  densities  and 
thus  the  longer  diffusion  times.  One  strip  from  each 
coating  was  used  as  an  unexposed  control.  After 
exposure,  all  strips  were  postconditioned  at  60°C  for 
one  hour  to  minimize  any  volatile  chemicals  left  after 
submersion. 


Three  1"  x  1"  samples  were  cut  from  the  film  for 
each  chemical  substance  tested.  Samples  were  dried 
in  a  oven  for  one  hour  and  then  cooled  in  a 

desiccator  for  ten  minutes.  Each  sample  square  was 
weighed  to  the  nearest  0.1  mg  and  then  submerged 
in  the  chemical  substances.  The  weight  change  was 
monitored  at  intervals  after  surface  chemical  was 
removed  by  patting  dry  with  a  Kim- Wipe  tissue.  This 
weight  gain  is  recorded  as  a  percentage  of  the  initial 
dry  weight  of  the  sample. 


RESULTS  AND  DISCUSSION 


A  chemical  can  have  two  or  three  general  types  of 
behavior  on  a  crosslinked  polymer  coating.  The 
chemical  may  leach  out  any  unbound  material  in  the 
coating  reducing  plasticization.  This  would  increase 
the  apparent  Tg  of  the  polymer  causing  an 
undesirable  change  in  the  coating  performance  (any 
change  after  manufacture  is  an  undesirable  change). 
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The  chemical  may  have  an  extreme  affinity  to  the 
coating  causing  a  plasticization  effect.  This  could 
result  in  swelling  or  even  delamination  of  the  coating 
from  the  glass  surface.  In  an  extreme  case,  the 
chemical  could  actually  attack  the  coating,  thus 
causing  a  change  in  the  cross-linked  network  of  the 
coating  matrix.  In  order  to  conduct  a  study  of 
chemical  effects  on  optical  fiber  coatings,  it  is 
desirable  to  have  a  test  method  which  can  detect  ail 
three  of  these  possible  effects.  Dynamic  Mechanical 
Analysis  (DMA)  was  used  to  measure  any  change  in 
glass  transition  temperature  or  crosslink  density. 


The  ultra-violet  (UV)  light  cured  inner  and  outer 
primary  optical  fiber  coatings  are  chemically  cross- 
linked.  They  also  contain  some  residual  material 
(e.g.  unreacted  photoinitiator  or  monomers)  which  do 
not  become  a  part  of  the  cross-linked  network.  This 
material  generally  acts  as  a  plasticizer  and  depresses 
the  Tg  of  the  cured  coating.  When  a  cured  coating 
is  immersed  in  a  chemical  substance,  the  non-cross- 
linked  plasticizer  material  can  be  extracted  out, 
thereby  raising  the  Tg  of  the  coating.  It  is  expected 
that  the  amount  of  extractable  material  is  in  direct 
proportion  to  the  increase  in  the  Tg.  The  other  effect 
of  immersion  of  cured  coatings  in  different  chemical 
substances  is  the  possible  chemical  attack  on  the 
coating  material  which  may  affect  the  cross-link 
density  and  hence  the  equilibrium  modulus  (Eg)  of 
the  coating.  Eg  is  directly  proportional  to  the  cross¬ 
link  density^®.  Large  shifts  in  Eg  indicate  a  chemical 
attack  on  the  coating. 


In  addition  to  changes  in  Tg  and  Eg  (which  are 
measured  after  the  solvent  has  been  evaporated  by 
reconditioning),  the  UV  curable  coating  can  swell 
when  placed  in  a  solvent.  The  swelling  is  a  result  of 
absorption  of  solvent  material.  The  swelling  of  a 
cured  coating  in  a  particular  solvent  will  depend  upon 
the  cross-link  density  of  the  coating  and  the  solvent- 
polymer  interaction  parameter’’.  The  dynamic 
weight  change  of  the  cured  coatings  is  a  measure  of 
swelling  in  various  solvents.  In  general  it  is  expected 
that,  given  the  same  basic  polymer  structure,  the 
value  of  the  cross-link  density  will  be  in  direct 
inverse  proportion  to  the  amount  of  solvent  absorbed 
by  a  coating. 


The  chemicals  used  in  this  study  cover  a  wide  range 
of  environments  with  which  the  optical  fiber  may 
come  in  contact.  These  include  polar  (acetone, 
isopropanol,  water),  non-polar  (unleaded  gasoline. 


WD-40),  alkaline  (liquid  ammonia  solution),  and 
biologically  and  chemically  active  (wasp  and  ant 
spray,  bleach  solution)  environments.  The  optical 
fiber  coatings  studied  include  very  soft,  low 
modulus,  low  cross-link  density,  and  low  glass 
transition  temperature  (Tg)  inner  primary  coatings; 
and  very  high  modulus,  high  cross-link  density  outer 
primary  coatings. 


Effect  of  Household  Chemical  Exposure  on  the 
Dynamic  Mechanical  Properties  of  Inner  Primary 
Coatings 


Glass  Transition  Temperature  (To)  Changes  The 
results  of  the  DMA  analysis  for  inner  primary 
coatings  are  summarized  in  Table  11.  Tg  changes  are 
measured  as  changes  in  the  maximum  of  the  tan 
delta  peaks.  The  error  of  the  measurement  is 
approximately  ±  4°C. 
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Most  of  the  coatings  exhibited  increases  in  Tg  after 
exposure  due  to  the  extraction  of  non-cross-linked 
material.  Figures  1  and  2  have  been  included  as 
examples  of  Tg  shifts.  Figure  1  shows  the  DMA 
curve  for  coating  4  before  immersion,  and  Figure  2 
shows  the  DMA  curve  after  immersion  in  isopropanol 
and  then  reconditioning.  A  shift  in  the  tan  delta 
curve  is  observed,  indicating  a  corresponding  change 
in  the  Tg. 
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The  only  exception  to  the  general  shift  to  higher  Tg 
after  exposure  were  those  coatings  exposed  to  WD- 
40.  Due  to  the  lower  volatility  of  this  material  it  is 
not  fully  removed  from  the  coating  upon 
reconditioning.  The  coating  is  plasticized  by  residual 
WD-40  resulting  in  a  lower  Tg  (as  evidenced  by  the 
observed  shift  in  the  tan  delta  curves). 


The  inner  primary  coatings  tested  included  very  low 
water  absorbing  coatings  5  and  6.  Compared  to 
coating  6,  coating  5  contains  a  large  amount  of 
extractables.  Both  of  these  coatings  show  a 
relatively  large  decrease  in  the  Tg  in  WD-40,  which 
could  be  due  to  high  absorption  and  retention  of  WD- 
40  by  these  coatings  due  to  their  hydrocarbon 
nature. 


The  changes  in  the  Tg  for  most  of  the  coatings  were 
very  small  after  exposure  to  all  of  the  household 
chemicals  indicating  the  presence  of  relatively  small 
amounts  of  extractable  materials.  Coating  5, 
however,  shows  a  large  increase  in  the  Tg  in  most  of 
the  chemical  substances  implying  the  presence  of 
large  amounts  of  extractable  materials. 


Coating  4  exhibits  interesting  behavior.  Two 
separate  Tg's  are  observed  implying  the  presence  of 
a  two  phase  system,  with  each  phase  having  its  own 
glass  transition  temperature.  The  shifts  in  the  Tg  for 
both  the  phases  are  slightly  different.  The  lower  Tg 
phase  shows  somewhat  smaller  changes  compared 
to  the  higher  Tg  phase.  One  possible  explanation  of 
this  behavior  is  that  most  of  the  extractable  material 
is  present  in  the  higher  Tg  phase. 


Equilibrium  Modulus  (Eg)  Changes  The  results  of  E^ 
measurements  for  inner  primary  coatings  are 
summarized  in  Table  III.  The  changes  in  E^  were 
found  to  be  much  smaller  compared  to  the  changes 
in  the  Tg.  Eg,  as  discussed  earlier,  is  directly 
proportional  to  the  cross-link  density  of  a  material. 
Exposure  to  household  chemicals  does  not  seem  to 
be  affecting  the  cross-link  density.  Thus  it  appears 
that  these  coatings  exhibit  good  stability  in  the 
presence  of  household  chemicals. 


Coattng  # 


*^“I|TT  - - '^rmrpt  ^  r*T»-m  rtnfifiiiiii  rnmifii 

E,  SMMs  (MPv)  in  dlflvM«  ttmrnrnhim  ctwwiwato 
«1M0  UG  Am.  TC£  IPA  MM^O  Wmeh  NH,  WAA  Sprvy 

♦Oils  ♦0.1  ♦ai  ^ai  ♦o.is  ♦04»  ♦aos  ^02  ♦0.1 

-02  -ais  -025  -ais  >02  >0.9  -025  -025  >oj 

<02  0  -o-os  0  -0.09  -ats  >0.15  >ats  >0.1 

>025  -O.IS  -at  -ai  ♦0.1  -0.15  >0.15  -0.15  -o.is 

♦0.1  ♦0.0s  ♦0.05  ♦0.06  ♦0.1  ♦0.06  ♦O.IS  >0.1  0 

0  ^02  ♦aos  0  0  0  ♦O.A  *02  -0.1 

♦0.1  ♦ais  ♦ai 


MS  Untaadod  GMoltot* 

TCE  1.1,1  TrtcMoroaihana 

IPA  looqrodanoi 

OtHjO  Ottoiuma  WMtr 

Blaacti  526%  BIomA  SoAJOon 

NH,  32%  AfnmcMa  SMAton 

WAA  Sony  wid  Ant  Sony  pCylm  Bnod) 


Effect  of  Household  Chemical  Exposure  on  the 
Dynamic  Mechanical  Properties  of  Outer  Primary 
Coatings 

Glass  Transition  Temperature  (Tgl  Changes  The 
results  of  Tg  measurements  of  outer  primary  coatings 
are  summarized  in  Tables  IV.  As  with  the  inner 
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primary  coatings,  the  T^'s  were  found  to  increase 
after  exposure  to  household  chemicals  due  to  the 
extraction  of  the  non-cross-linked  material.  The 
glass  transition  temperatures  of  most  of  the  outer 
primary  coatings  either  remained  constant  or  showed 
a  slight  decrease  after  exposure  to  WD-40  compared 
to  some  of  the  inner  primary  coatings  which  showed 
a  large  decrease  in  Tg  after  exposure  to  WD-40. 
This  difference  can  be  explained  by  the  fact  that  the 
outer  primary  coatings  have  a  tighter  network 
structure  and  thus  high  molecular  weight 
components  of  WD-40  are  absorbed  at  a  greatly 
reduced  rate. 
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Coatings  11  and  14  show  a  comparatively  large 
change  in  the  Tg's  after  exposure  to  the  household 
chemicals  indicating  the  presence  of  a  large  amount 
of  extractable  material.  The  other  coatings  tested 
show  relatively  small  changes  (if  any)  indicating 
relatively  low  extractable  contents. 


Equilibrium  Modulus  (Eg)  Changes  The  results  of  the 
Eg  measurements  for  outer  primary  coatings  are 
shown  in  Table  V.  The  changes  in  Eg,  just  as  for 
primary  coatings,  are  very  small  for  most  of  the 
coatings.  This  implies  no  change  in  cross-link 
density  and  no  chemical  attack  on  the  coating. 
Coatings  1 0  and  1 1  are  exceptions,  and  show  a  very 
significant  change  in  Eg  upon  immersion  in  bleach 
solution.  This  indicates  that  these  coatings  are 
chemically  attacked  by  the  bleach  solution  and  the 
cross-link  density  is  significantly  increased.  Figures 
3  and  4  show  DMA  curves  of  coating  10  before  and 
after  immersion,  in  the  bleach  solution. 
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Summary  of  the  Effect  of  Household  Chemical 
Exposure  on  the  Oynamic  Mechanical  Properties  of 
Optical  Fiber  Inner  and  Outer  Primary  Coatings 

Most  of  the  inner  and  outer  primary  coatings  tested 
showed  good  resistance  to  most  of  the  household 
chemicals.  Inner  primary  coating  5  showed  the 
presence  of  a  large  amount  of  extractable  material 
(large  Tg  shifts)  in  almost  all  the  test  materials.  Inner 
primary  coating  4  also  showed  comparatively  larger 
Tg  shifts.  Among  the  outer  primary  coatings,  14 
(and  coatings  11  and  13  to  some  extent)  showed 
the  largest  Tg  shifts.  Outer  primary  coatings  9  and 
10  showed  unusually  large  changes  in  Eg  in  the 
bleach  solution. 


Dynamic  Weight  Change  Study 

A  dynamic  weight  change  study  of  some  of  the  inner 
and  outer  primary  coatings  was  undertaken  to  get  an 
idea  of  the  physical  state  or  swelling  of  these 
coatings  in  different  household  chemicals  (Tables  VI 
and  VII).  The  inner  primary  coatings  showed  up  to 
~90%  weight  increase  in  acetone  and  gasoline. 
This  increase  in  weight  was  very  rapid.  The  outer 
primary  coatings  on  the  other  hand  showed  up  to 
~30%  weight  increase  in  both  the  solvents.  The 
weight  increase  was  rapid  in  acetone  and  much 
slower  in  gasoline  for  the  outer  primary  coatings. 
The  data  presented  in  Tables  VI  and  VII  is  only 
approximate  for  acetone  and  gasoline  due  to  the 
inaccuracies  involved  in  measuring  the  weight 
change  of  the  coatings  in  volatile  solvents.  The 
smaller  weight  increase  for  the  outer  primary 
coatings  is  due  to  a  higher  cross-linked  density 
("tighter  network")  and  a  more  rigid  structure,  which 
resists  solvent  absorption  and  swelling.  The  inner 
primary  coatings,  on  the  other  hand,  have  a  much 
lower  cross-link  density. 
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Another  factor  affecting  the  solvent  absorption  is  the 
solvent-coating  interaction  parameter.  The  weight 
changes  of  an  inner  and  an  outer  primary  coating 
were  measured  in  isopropanol  and  WD-40  (Tables  VI 
and  VII).  These  household  chemicals  were  chosen 
for  their  relatively  low  volatility.  Isopropanol  is  a 
relatively  polar  solvent  and  WD-40  is  a  relatively  non 
polar  substance.  Figures  5  and  6  show  the  plots  of 
weight  change  versus  time  of  the  inner  primary 
coating  7  and  the  outer  primary  coating  10, 
respectively.  Inner  primary  coating  7  (Figure  5) 
exhibits  a  rapid  weight  increase  in  the  first  few  hours 
followed  by  a  weight  decrease  due  to  extraction. 
The  outer  primary  coating  10  (Figure  6),  shows 
similar  behavior  albeit  a  much  less  significant 
increase  in  isopropanol. 
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Both  inner  and  outer  primary  coatings  show  a 
significant  amount  of  extractable  material  thus 
explaining  the  Tg  increase  discussed  earlier.  The 
weight  change  in  WD-40  is  much  lower  for  both  the 
coatings  compared  to  that  in  isopropanol.  Inner 
primary  coating  7  absorbs  significantly  more  WD-40 
than  outer  primary  coating  10.  Again,  due  to  the 
higher  molecular  weight  components  of  WD-40,  the 
diffusion  is  much  slower  through  a  polymer  network 
resulting  in  a  slower  increase  of  the  weights  of  the 
coating  than  in  isopropanol.  Both  of  the  coatings 
showed  increased  weights  upon  reconditioning  after 
3  weeks  immersion  in  WD-40.  The  increase  is  much 
larger  for  the  inner  primary  coating  7  (15%) 
compared  to  the  outer  primary  coating  10  (1.2%). 
This  is  reflected  in  the  large  decrease  in  Tg  for  the 
inner  primary  coatings  and  the  minimal  decrease  for 
the  outer  primary  coatings. 

The  data  for  weight  change  in  water  are  also 
presented  in  Tables  VI  and  VII.  The  comparatively 
lower  weight  gains  are  due  to  lower  affinity  of  these 
coatings  to  water. 


Solvent-Coating  Interaction  Parameter  Calculation 

The  extent  of  swelling  of  a  coating  depends  on  the 
cross-link  density  and  the  solvent-polymer  (coating) 
interaction  parameter.  The  Flory-Rehner  equation 
shown  below,  relates  swelling,  cross-link  density, 
and  solvent-polymer  interaction  parameter’®. 

•dnd  -Vj)  +  Vj  +  X,  Vj=)  =  V,  n  Ivj’'’ ■  Vj/ZI  (1) 

where  V2  is  the  volume  fraction  of  the  polymer  in  the 
swollen  mass,  V^  is  the  molar  volume  of  the  solvent, 
and  is  Flory-Huggins  interaction  parameter. 

n  =  Pj/M,,  (2) 


where  P2  is  the  polymer  (coating)  density  and  Mj.  the 
molecular  weight  between  cross-links.  Assuming 
tetrafunctional  cross-links 

n  =  2  C,  (3) 


Equation  (1)  can  be  rewritten  as 

•  (In  (1  •  Vj)  t  Vj  +  X,  v/|  =  V,  •  2  •  Vj/2)  (4) 

Volume  of  the  swollen  polymer  is  given  by  the 
following  equation’^ 

V,  =  Wq/Pj  +  (w,/p,  -  Wg/p,)  (5) 


where 

sample 

sample 


Wq  =  weight  of  the  cured  coating 
Wj  =  weight  of  the  swollen  coating 
Pi  =  density  of  the  solvent 


From  the  dynamic  weight  change  method,  the  peak 
absorption  gives  the  maximum  amount  of  solvent 
that  can  be  absorbed  by  the  coating  (assuming  no 
extraction).  The  equilibrium  modulus  of  the  coating 
from  DMA  gives  the  cross-link  density  of  the 
coating.  Knowing  the  densities  of  the  solvent  and 
coating,  and  knowing  the  molar  volume  of  the 
solvent,  an  approximate  value  of  the  interaction 
parameter  can  be  calculated.  Generally  a  value  of 
0.5  for  the  interaction  parameter  would  indicate  no 
solvent-polymer  interaction  (i.e.  no  swelling  and  the 
solvent  acts  as  a  theta  solvent).  Values  below  0.5 
would  indicate  some  solvent-coating  interaction. 
The  smaller  the  decrease  below  0.5,  the  larger  the 
interaction  (swelling). 


Based  on  DMA  and  dynamic  weight  change  data, 
interaction  parameters  for  primary  coating  4  and 
secondary  coating  10  in  isopropanol  were  calculated 
and  found  to  be  0.77  and  1 .40  respectively.  The 
maximum  value  of  interaction  parameter  is  supposed 
to  be  0.5  for  most  solvent-polymer  combinations. 
Though  higher  than  expected,  these  numbers  still 
give  a  good  comparison  between  the  inner  and  outer 
primary  coating  behavior  in  isopropanol.  The  larger 
positive  number  for  the  outer  primary  coating 
indicates  a  lesser  affinity  for  isopropanol  than  the 
inner  primary  coating. 


CONCLUSIONS 


As  optical  fiber  to  the  home  becomes  a  reality,  there 
is  a  potential  for  exposure  to  many  household 
chemicals.  This  study  shows  that  UV  curable 
coatings  can  be  formulated  to  resist  the  effects  of 
many  household  chemicals.  Exposure  effects  can  be 
measured  by  DMA  free  film  testing  and  plasticizer 
loss  can  be  distinguished  from  chemical  attack  on 
the  coatings.  To  be  most  resistant,  coatings  should 
be  formulated  to  have  very  low  extractable  content 
and  should  also  be  resistant  to  different  chemical 
environments  with  which  they  can  come  in  contact 
with.  The  dynamic  weight  change  study  shows  that 
primary  coatings  absorb  significantly  more  solvent 
than  the  secondary  coatings  due  to  their  low  cross¬ 
link  densities.  The  cross-link  density  data  from  DMA 
and  swelling  data  from  dynamic  weight  change  can 
give  a  rough  idea  about  the  solvent-coating 
interaction  parameter. 
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UV  RESISTANCE  PROPERTY  OF  UV-CURED  RESIN  COATED  OPTICAL  FIBER 
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Abstract 

Ultra  violet  (UV)  resistance  property  of  UV~cured 
resin  coated  optica)  fiber  was  studied.  For 
appropriate  indices  to  evaluate  UV  degradation, 
weight  change,  glass  transition  temperature  (Tg) 
and  hydrogen  generation  were  proposed  Measuring 
the  Tg  change  (  A  Tg)  of  the  coating  by  mechanical 
Tan  6  method,  we  studied  the  relationship  between 
A  Tg  and  low  temperature  excess  loss  of  an  exposed 
fiber.  And  it  was  found  that  the  degree  of  the 
excess  loss  could  be  excellently  estimated  by  the 
va  I  ue  of  A  Tg 

The  UV  cut-off  effect  of  ink  layer  overcoating  was 
studied  using  this  method.  In  result.  UV-cured  ink 
showed  high  performance  to  protect  UV-cured  resin 
coating  from  UV-degradat i on. 


1.  Introduction 

With  the  progress  of  the  optical  fiber  network  for 
subscriber  requirements,  the  possibility  that  the 
fiber  has  taken  the  weathering  degradation 
(especially  UV  degradation)  is  certainly 
increasing.  UV-cured  resins.  such  as  urethane- 
acrylates.  are  very  widely  used  for  optical  fiber 
coatings  today,  however  it  is  also  well  known  that 
some  of  them  are  adversely  affected  by  exposure  to 
UV-light.  and  in  the  worst,  suffer  fatal  damages 
with  decompos i t I on-react i ons. 

In  spite  of  these  circumstances.  there  are  much 
less  data  of  the  UV  resistance  properties  of 
UV-cured  resin  coated  optical  fibers,  because  of 
the  difficulty  to  treat  very  thin  and  weak  coating 
sample.  Moreover,  the  simulation  test  using  resin 
sheet  has  also  other  difficulty.  We  must  keep  the 
thickness  of  the  resin  sheet  sample  equal  to  that 
of  the  fiber  coating  if  wo  need  a  quantitative 
experiment,  because  UV  degradation  property  of  a 
resin  shows  large  thickness  dependence.  However, 


traditional  test  methods  measuring  tensile  modulus 
or  elongation  are  not  suitable  for  these  small  and 
th  i  n  samp  I  es. 

Under  these  situations,  we  investigated  alternative 
evaluation  methods  for  UV  degradation  from  a 
viewpoint  of  the  sensitivity  to  decomposition  of 
resin  structure,  and  developed  some  new  practical 
methods  which  could  apply  to  the  thin  and  small 
sample  and  have  high  sensitivity  to  UV  degradation. 
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C“0  bond  which  connects  polyether  and  isocyanate  is 
easily  cut  off  UV  light,  and  the  auto-oxidation  of 
polyether  follows.  which  leads  the  hydrogen 
abstraction  and  the  generation  of  H2. 

These  urethane  bond  scission  reactions  cause 
decrease  of  the  cross-linking  density,  which  leads 
Tg  change,  and  final  ly  the  decompos  i  t » on  of  the 
resin. 

For  these  reasons,  we  examined  the  possibility  that 
hydrogen  generation  increase.  Tg  change  and  weight 
decrease  could  be  appi ied  to  the  index  of  UV 
degradat i on. 


3.  Evaluation  of  UV-cured  resin  sheet 


UV  degradation  reaction  occurs  on  the  surface  of 
the  resin  at  first,  and  progress  to  the  deep  area 
little  by  little  Under  the  heterogeneous 
degradation  like  this,  mechanical  tests,  tensile 
modulus  or  elongation  for  example,  can  not  be  in 
use  for  the  correct  evaluation. 

This  is  the  reason  why  mechanical  tests  are  very 
insensitive  in  UV  degradation  compared  with  other 
env  j  ronmenta  I  degradatio.n  such  as  heat  or  humidity. 
Moreover.  in  order  to  consider  the  thickness 
dependence,  we  have  to  keep  test  samples  very  thrn. 
ordinary  at  10-30  (X  m  which  value  corresponds  to 
the  thickness  of  octical  fiber  coating. 
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Fig. 2  UV  Degradation  Curve 

of  UV-  cured  Resin  Sheet 


This  restriction  also  makes  the  mechanical  test 
very  difficult.  In  this  sense,  measuring  Weight 
change  is  one  of  the  possible  practical  method 
using  UV-cured  resin  sheet  sample. 

We  applied  a  UV-grav i metry  method  for  these  samples 
and  obtained  proper  data  in  wide  thickness  range 
of  a  samp  I e 

Fig. 2  shows  the  relationship  between  the  thickness 
of  initial  sample  and  the  weight  decrease  ( A  W)  of 
a  UV-cured  resin.  Samples  which  have  various 
thickness  between  25  and  200  /i  m  were  prepared  by 
spin-coating  method.  and  exposed  to  UV-light  by 
SunsIiine-weather-Q-meter. 

From  the  thickness-AW  curve  in  Fig  2.  it  is  clear 
that  Aw  is  almost  independent  on  the  sample 
thickness,  though  it  have  a  good  correlation  with 
UV  dose.  This  result  proves  that  UV  degradation  is 
essentially  a  heterogeneous  degradation  where  the 
surface  reaction  is  dominant.  As  the  degradation 
progress.  there  can  be  seen  the  tendency  that 
thinner  sample  shows  slower  down  of  weight  decrease 
speed.  We  think  it  is  for  the  saturation  of  UV 
degradation  reaction,  because  the  weight  decrease 
reaches  more  than  10%  of  initial  value  at  thinner 
samp  1  e 

Fig.  3  shows  the  time  degradation  curve  of  a  resin 
at  25.  50  and  100  U  m  thickness.  It  seems  that 
thicker  sample  shows  better  UV  durability  compared 
to  th i nner  samp  I e. 


UV  Dose  (kJ/cm2) 

Fig.3  Time-Degradation  Curve 
of  UV-cured  Resin  Sheet 
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UV-grav I metry  is  a  very  useful  method  to  evaluate 
the  UV  durability  of  UV-cured  resin  sheet.  However, 
this  method  is  not  suitable  for  a  very  small  sample 
or  the  sample  which  was  exposed  at  outside  for  an 
environmental  test.  because  of  the  increase  of 
measuring  error  derived  from  the  sample  size  or  the 
outer  contamination  such  as  dust. 

Recently,  dynamic  mechanical  measurement  is  widely 
used  for  the  analysis  of  the  mechanical  behavior  of 
polymer-glass  composite  In  this  study,  we  newly 
developed  the  Tg  evaluation  method  by  measuring  Tan 
d  peak  temperature  of  optical  fiber  coating. 

As  explained  at  Fig.  1.  UV  degradation  of  UV  cured 
resins  such  as  urethane-acrylates  involves  the 
main-chain  scission  reaction,  which  decreases  Tg  of 
resins.  We  measured  mechanical  Tan  <5  of  the 
UV-cured  resin  coating  in  a  certain  temperature 
range  to  get  the  value  of  Tg. 

The  measurement  was  achieved  by  usin^  a  dynamic 
mechanical  analyzer  with  a  glass-removed  coating 
samp  1  e  (F  i  g.  4} . 

Dynamic  Force 


Fig.  4  Figure  of  a  Sample 


The  instrument  used  for  measuring  is  Rheovibron 
dynamic  v i scoe I astometer.  The  block  diagram  of  the 
instrument  essentially  consists  of  a  drive 
amplifier,  a  strain  and  stress  detector,  a  high  and 
low  temperature  chamber.  a  stress  detector.  a 
tension  controller  and  a  process  control  unit.  In 
this  system,  a  vibration  displacement  of  sine  wave 
is  applied  on  the  sample  under  the 
constant-amplitude  control.  This  instrument  detects 
the  vibration  load  signal  of  the  sine  wave  to 
define  the  dynamic  property. 


Typical  Tan  i5  -Temperature  curve  of  the  coating  is 
shown  in  Fig.  5,  The  peak  at  90  *C  correspond'  to  Tg 
of  outer  layer  coating  of  a  dual  coated  optical 
fiber(‘A').  Two  dotted  lines  in  Fig.  5  are  Tan<5- 
Temp.  curves  after  the  fiber  was  exposed  to  sun 
light  for  7  and  60  days  (maximum  dose  is 
approximately  500J/cm®). 

A  distinct  decrease  of  Tg  can  be  observed  after  UV 
irradiation,  which  means  decrease  of  the  cross- 
linking  density  of  the  resin.  After  the  60  days 
exposure.  A  Tg  reaches  to  -60  "C  and  the  figure  of 
Tan  S  -  Temp.  curve  is  greatly  distorted,  which 
indicates  the  fatal  damage  of  main-chain  in  the 
resin 


^  ®  ^  after  SOdays 
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Fig. 5  Tan  (5 -Temp.  Curve  of  Fiber  Coating  ’A' 
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Temperature  CC) 
Fig.  6  Tan  (5 -Temp.  Curve  of  Fiber  Coating  ’B’ 
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Fig.  6  shows  another  Tan  5  "Temp  curves  of  the  fiber 
coating  (' B' )  which  has  excellent  UV  transmissivity 
and  UV  durability.  In  this  case.  after  60  days 
there  is  little  Tg  change  of  the  coating 
The  transmission  loss  and  the  low  temperature 
excess  loss  of  these  fibers  before  and  after  UV 
dose  were  measured  (Tablel).  For  the  fiber’A'  which 
has  “60  “C  of  A  Tg,  +0.  024d8/km  of  -40  °C  excess 
loss  was  observed,  while  there  is  no  excess  loss 
was  seen  for  the  sample'  B’  whose  ATg  is  equal  to 

-]9V. 

Table  1  -40“C  Excess  Loss  after  UV  Irradiation 


■ 

Tg  CO 

-40X1  Excess  Loss 
(  AdB/km  at  1.  55  m) 

nmnn 

original 

60days 

A 

75 

15 

±0.  000 

+  0.  024 

B 

111 

92 

+  0.000  . 

+  0.  000 

In  order  to  shorten  the  degradation  time,  we 
studied  the  relationship  between  the  sun  tight 
irradiation  and  the  accelerated  irradiation  using 
UV-carbon-arc  lamp 

Fig.  7  shows  the  curve  of  Tg  decrease  of  resin  ' B' 
under  the  environment  of  both  sun  light  and 
UV-carbon-arc  lamp.  From  this  result.  the 
accelerate  coefficient  of  UV-carbon-arc  (amp  is 
proved  to  be  estimated  to  20  times  of  sun  light. 
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Fig-7  Tg  Degradation  Curve 
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4-3.  I  nked  fiber 


Overcoating  with  ink  is  one  of  the  best  way  to 
protect  fiber  coating  from  UV  because  of  its 
excellent  UV  cut-off  effect.  In  order  to  evaluate 
this  effect,  two  types  of  ink,  solvent-type  ink  and 
UV-cured  ink,  were  overcoated  on  the  optical  fiber 
*  A‘  with  ATg  of  -60'’C. 

The  result  is  shown  in  Fig. 8.  Tg  decrease  was 
greatly  improved  in  the  case  of  inked  optical 
fibers.  Observed  ATg  was  -8X^  on  the  solvent-type 
ink  and  only  -4  “C  on  the  UV-cured  ink  after 
500J/cm®  UV  Irradiation.  This  value  is  almost  equal 
to  that  of  the  fiber  whose  coating  has  excellent  UV 
durab  I  1  I  ty. 


ATi5  =  0'C  ATg=4'X: 
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Fig. 8  Tan  5 -Temp.  Curve  of  Inked  Fiber  Coating 


These  effects  were  concluded  to  be  derived  from  the 
UV  cut-off  effect  of  the  pigment  in  the  ink.  and 
the  difference  between  the  UV-cured  ink  and  the 
solvent  type  ink  was  explained  by  that  of  the 
coating  thickness  of  ink 

Table2  shows  low  temperature  property  of  inked 
optical  fibers.  both  before  and  after 
UV- I r r ad  I  a t  i  on  The  effect  of  overcoating  by 
UV-cured  ink  can  be  also  seen  in  the  data  of  low 
temperature  excess  loss 


Table  2  Transmission  Loss  of  Inked  Fiber 


Transmission  Loss  at  1.55 

«m  (dB/km) 

Original 

SnOJ./cBi^  1  rrad  i  at  i  on 

Overcoat  l.ayer 

zxx: 

-tor 

2.01: 

lor 

So  1  vent  type  1 nk 

0.  20 

0.  20 

0.  20 

0.  22 

UV-cured  Ink 

0.  20 

0.  20 

0.  20 

n.  20 
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As  the  UV-cured  resin  suffers  UV  irradiation,  the 
volume  of  hydrogen  generation  increases  in 
proportion  to  the  UV  dosage  exposed  to  the  UV-cured 
resin.  Because  the  increase  of  hydrogen  generation 
directly  affects  the  transmission  loss  of  optical 
fiber,  it  .s  important  to  estimate  the  volume  of  Hz 
generation  after  UV  irradiation. 

We  defined  the  rate  of  Hz  generation  from  a  coated 
optical  fiber  as  the  time  to  reach  10“^  m I /m  of  Hz 
concentration  at  120  °C  .  and  measured  the  rate 
after  exposure  of  various  UV  dose 

Theoretically,  the  rate  must  be  in  proportion  to 
the  powers  of  the  UV  dose  amount.  But  the 
experiment  data  indicate  the  equation  as  follows; 

l/v=A-B  •  log  (x) 

where  v  :  Hz  generation  rate  x : UV  dose 
A. B  ;  coef f i c i ent 

Fig.  9  shows  the  relationship  between  Hz  generation 
rate  and  UV  dose,  in  the  UV  dosage  range  of  0~ 
I0000mj/om“.  this  equation  seems  to  be  valid 


Fig.9  The  Relationship  between 

H2  generation  rate  and  UV  dose 


New  methods  to  evaluate  the  UV  resistance  property 
of  the  optical  fiber  coating  easily  and  correctly 
were  studied.  We  proposed  three  sorts  of  indices 
for  an  proper  judgement  of  UV  resistance  property 
as  follows  and  evaluated  the  characteristics  of 
them : 

( 1 )  weight  decrease 

(2)  change  of  glass  transition  temperature 

(3)  increase  of  hydrogen  generation 

Weight  decrease  of  resin  sheet  was  measured  by 
UV-g r av i me t r y  method.  In  this  experiment,  the  resin 
which  had  higher  transmissivity  was  proved  to  show 
excellent  UV  durability. 

In  order  to  evaluate  the  UV  degradation  of  optical 
fiber  coating  sample  with  high  sensitivity.  we 
developed  Alg  method  by  dynamic  v i scoe 1 astometer. 

Using  this  method,  the  effect  of  ink  overcoating 
was  clearly  observed.  Especially  UV-cured  ink  was 
proved  to  have  a  good  UV  cut-off  efficiency  to 
protect  inner  coating. 

As  to  hydrogen  generation-  new  equation  was 
proposed  to  estimate  the  generation  amount  from  the 
UV  dose. 
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Abstract 

A  harsh  field  test  was  conducted  in  order  to 
confirm  the  long-term  reliability  of  a  carbon  coated 
fiber  cable.  A  ribbon/slot  cable,  in  which  water  was 
intentionally  injected  to  generate  hydrogen  inside 
the  cable,  was  installed  in  aerial  condition  for  about 
1.5  years  and  the  loss  change  was  measured 
periodically.  .As  a  result,  it  was  revealed  that  no  loss 
increase  in  carbon  coated  fibers  was  detected  even 
after  1.5  years.  The  test  data  clearly  show  that 
carbon  coating  protects  completely  optical  fibers 
from  the  generated  hydrogen  and  UV  coatings  have 
high  performance  against  microbending  in  actual 
installation  condition.  This  promising  results  are 
e.xpected  to  further  advance  the  optical  fiber 
technolog.v  toward  the  practical  use  of  carbon 
coated  fibers. 

I .  Introduction 

Carbon  coated  fiber  is  known  to  have  excellent 
characteristics  ever  found  for  preventing 
permeation  of  hydrogen  and  in  fatigue.  In  recent 
progress,  problems  preventing  carbon  coated  fibers 
fi'om  the  practical  application,  were  almost  solved, 
which  were  related  to  the  coating  speed*',  the  initial 
strength,  and  fusion  splice* ’  .And  carbon  coated 
fibei-  is  expected  to  be  a  hopeful  candidate  applied 
to  the  undersea,  aei’ial,  and  other  special  cables 
which  are  subjected  to  harsh  environments,  and  has 
been  attiacting  gi-eat  attention  as  practical  fibers 
that  drastically  enhance  long-term  reliability  of 
cables. 


On  the  final  stage  toward  its  practical  use,  we 
conducted  a  harsh  field  test,  where  water  was 
forcibly  injected  into  the  cable  and  it  was  installed 
in  aerial  condition  for  about  1.5  years.  This  paper 
describes  the  field  test  results  including  the  initial 
characteristics  of  the  cable  and  also  superior 
fatigue  and  hydrogen  resistance  of  carbon  coated 
fiber  itself. 

II  Characteristics  of  carbon  coated  fiber 

1.  Microstructure  of  carbon 

The  carbon  coating  layer  is  a  single  composition  of 
carbon  that  doesn’t  contain  impurities  and  is  nearly 
amorphous.  Nevertheless,  a  more  detailed 
examination  by  electron  beam  diffraction  and  other 
techniques  has  shown  that  the  layer  structure  actu¬ 
ally  contains  a  fixed  amount  of  graphite.  Fig.  1 
shows  an  electron  diffraction  photograph  of  the 
carbon  coating.  In  addition  to  a  hollow  pattern 
peculiar  to  the  amorphous  structure,  a  clear 
Debye-Sherrer  ring  due  to  (002)  lattice  plane  shows 
that  the  graphite  crystalline  plane  is  positioned 
C-axis  orientation  to  the  optical  fiber  surface.  This 
structure  is  more  conspicuous  with  carbon  layer 
exhibiting  more  resistance  against  permeation  of 
hydrogen.  These  results  have  indicated  the 
importance  of  the  crystalline  structure  of  carbon 
coating  layer. 
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ELECTRON  BEAM 


(002) 

'1 

K 

(002) 

ACCELERATION  VOLTAGE  ;  200kV 
BEAM  DIAMETER  ;  O.l/Jm 

Fig.  1  Electron  Diffraction  Photograph  of 
Carbon  Coating 


2.  Fatigue  and  strength 

It  is  well  known  that  the  standard  fiber  exhibits 
the  fatigue  behavior  particularity  in  the  presence  of 
moisture.  The  static  fatigue  plots  are  shown  in  Fig. 
2.  Although  the  breakage  of  all  the  standard  fibers 
occurred  at  a  strain  of  over  .3.3%  in  water  within  400 
hours,  the  carbon  coated  fibers  have  survived  for 
more  than  3  months.  From  Fig.  2,  fatigue  parameter  n 
for  carbon  coated  fiber  have  not  yet  been 
determined,  but  it  is  estimated  to  be  more  than  500 
by  alternate  dynamic  fatigue  test.  This  result 
suggests  that  the  carbon  coating  on  optical  fiber 
prevents  water  reaching  the  silica  surface,  thus  the 

BENDING  RADIUS  ;  1.5~2,Dmm 


Fig.  2  Static  Fatigue  of  Fibei'  in  Water 


carbon  coated  fiber  exhibits  negligible  strength 
degradation  caused  by  stress  corrosion. 

And  now  the  strength  of  the  carbon  coated  fiber  is 
approximately  6kgf(4.8GPa)  which  is  just  the  same  as 
that  of  the  standard  fiber. 

3.  Hydrogen  resistance 

The  carbon  coated  fiber  can  greatly  improve  fiber 
reliability  by  preventing  hydrogen  induced  loss 
increase. As  described  by  Lemairc,'’'  the 
concentration  of  in  the  core  position  as  a  function 
of  time  can  be  expressed  by  Eqs.  (1)  and  (2), 
assuming  that  the  diffusivity  of  is  much  higher  in 
silica  than  that  in  the  carbon  coating: 
(C-C0/(Cr-Ci)=t/T.  (I) 

Whei'e  C  is  the  concentration  in  the  fiber,  C.  is  the 
initial  concentration,  and  Cr  is  the  final 
concentration.  The  characteristic  time  constant,  t  r, 
is  given  by; 

Tr=rd/2D,K,.  (2) 

Where  r  is  the  fiber  radius,  ff  is  the  carbon  coating 
thickness,  D,  is  the  diffusivity  of  the  solubility  of 
in  the  carbon  coating,  and  K,,  is  the  ratio  of  the 
solubility  of  the  carbon  coating  to  that  in  silica. 

We  apply  this  model  to  our  carbon  coated  fibers. 
Fig.  3  shows  the  loss  increase  at  1.21  um  tested  in 
Hi  of  latm  at  elevated  temperatures.  The  Arrhenius 
plots  of  the  calculated  values  for  t  -  are  shown  in 
Fig.  4.  Using  an  estimated  activation  energy  of 
95.3k,J/mol,  T  -  is  given  by; 

r -(days)=2.I  X  10  -pxp(9.5.3k.J- mol  /RT)  (.3) 

From  Fq.  (3),  it  is  possible  to  estimate  the  loss 
increase  under  various  conditions.  For  example,  the 
estimated  loss  increases  at  1.3  and  1..55  a  m 
operating  windows  are  both  less  than  O.OOldB/km 
after  20  years  in  a  hydrogen  atmosphere  of  latm  at  5 
.  (On  the  other  h.and,  the  loss  increases  the 
standard  fiber  under  the  same  conditions  are 
estimateci  to  be  0.3  and  O.ldB/km  at  1.3  and  l..Tf)ium, 
respect  ivel.i) 
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(days)  LOSS  INCREASE  (clB/km) 


1.  Structure  of  cable 


Fig.  3  Growth  of  Interstitual  Peak  at  1.24  u  m 
Wavelength  in  Ha  latm  at  Elevated 
Temperature 


T  (“0 

200  150  100  50 


W'e  selected  a  ribbon/slot  structure  as  a  carbon 
coated  fiber  cable  for  a  field  test.  Fig.  n  shows  the 
cross-sectional  structure  of  the  tested  cable.  Single 
mode  optical  fibers  for  1.3  tzm  use  were  used  in  the 
cable.  In  one  slot  groove,  five  ribbons  were  alter- 
natel.v  stacked  by  the  carbon  coated  fiber  ribbon 
and  the  standard  fiber  ribbon  as  reference.  Steel 
wire  1.4mm  in  diameter  was  used  as  the  strength 
member.  A  wrapping  tape  was  wound  on  the  slot  and 
LAP(Laminated  Aluminum  Polyethylene)  sheath  was 
e.vtruded  on  the  wrapping  tape.  The  cable  outside 
diameter  was  13mm  and  the  cable  weighed  170kg/km. 


THICKNESS  OE  CARBON 
LAYER=500A 

CARBON  COATED  FIBER 
STANDARD  SINGLE  MODE  FIBER 


4-FIBER  RIBBON 


ffl  ._C  haracteristics  of  tested  cable 

Tht>  carbon  coated  fiber  i.s  expected  to  exhibit  no 
sti’cngth  deterioration  even  if  it  is  left  with  a  high 
applied  stress  and  no  transmission  loss  increases 
e\en  if  hydrogen  generates  around  it.  Therefore, 
carbon  coated  fiber  is  a  promising  candidate  to  be 
used  in  submarine  cables  and  other  purposes  which 
require  high  long-term  reliability.'  'loreover  cable 
structure  can  be  simplifiefi  if  carbon  coated  fibers 
are  used. 


Fig.  a  Structure  of  the  Cable 

2^  Initial  characteristics 

Fig.  H  shows  the  transmission  loss  \ariation  in  the 
processes  of  the  cable  production.  The  loss 
variations  due  to  processing  were  not  found  for 
both  carbon  coated  fibers  and  standard  fibers. 

Fig.  7  shows  temperature  cycling  lest  of  the  cable, 
boss  changes  within  the  temperature  I’ange  between 
-30  and  +t;o'T:  were  O.O.AdB/km  maxininm.  which  pi'cs- 
(■nts  no  problems  in  actual  use. 
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Bending,  lateral  pressing,  torsion,  squeezing  and 
impact  tests  were  conducted  to  evaluate  the 
mechanical  characteristics  of  the  carbon  coated 
fiber  cable.  Table  1  presents  the  conditions  and 
results  of  these  tests.  .As  the  table  indicates,  the 
cable  showed  no  loss  increases  in  all  these  tests  for 
both  carbon  coated  fibers  and  standard  fibers. 


Fig.  6  Loss  Variation  in  Cabling  Process 


3.  A  field  test 

■An  installation  e.xperiment  was  conducted  using  the 
test  cable  to  check  the  long-term  reliability  of 
carbon  coated  fibers.  In  order  to  accelerate  the 
environmental  damage,  we  forcibly  in.jected  water 
into  the  cable  and  blew  it  by  gas  for  21  hours. 
Then  keeping  the  inside  of  the  cable  moist,  both 
ends  of  the  cable  were  sealed.  500m  of  the  cable  was 
installed  in  aerial  condition  for  1.5  years.  The 
attenuation  change  with  wavelength  was  measured 
periodically,  as  shown  in  Fig.  8.  The  attenuation  in 
the  standard  fiber  was  graduali\-  increased  with  the 
installation  time.  Especially  the  increase  at  around 
1.2l4/m  wavelength  due  to  hydrogen  diffusion  was 
significant,  since  hydrogen  was  generated  by 
corrosion  or  galvanic  reaction  with  water  and 
aluminum  in  the  LAP  sheath  or  steel  wire  as  the 
strength  member.  One  year  after  installation,  the 
loss  increases  had  reached  about  18dB/km,  which 
was  estimated  to  be  appro.xiniately  2atm  in  the 
hydrogen  partial  pressure  inside  the  cable.  On  the 
other  hand,  in  spite  of  this  liarsh  eiiMronment,  no 
detectable  attenuation  increase  was  obser\ed  in  the 
carbon  coated  fibers.  And  no  fiber  breakage 
occurred  even  for  the  standard  fibers  due  to  static 
ftitigue  in  a  moisture  environment  under  the  in¬ 
stallation. 

Moreover,  in  order  to  iTarify  the  reliabiiit\  of  the 
carbon  coated  fiber  cable,  hard  en\  ironmciital  tests 


Table  1  ’'lechanical  Characteristics  of  the  Calile  (  X  ^1..'!  u  m)  _ 

Item  _ Condition _ _ _  ^  change 

Bending  Bending  radius:  lUllmm  x  10  times  <  ll.OldK 

75mm  x  onct-  Sheath  defects 


^  R.T.  and  -30  "t' 

Lateral  pressing  100kg/50mm 
Tortion  ±  180°  /2m 

Tension  20kg 

Sijueezing  Cable  125m,  Tension  100kg 

Curved  guide  radius  OOOinm 
Squeezed  twice 

Impact  Cylinder  1kg  weight  25mm 

diameter  droppped  on  (-able 
from  Im  height. 


not  found. 

<  O.OldB 

<  O.OldB 

<  O.OldB 
f  iber  St  rain 

max.  0.29% 
c  O.OldB 
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VV  A  \  '  E  L  E  N  G  T  H  (  w  m  ) 
Fig.  8  Attenuation  Spectrum 


were  carried  out  on  the  carbon  coated  fiber  and  the 
carbon  coated  fiber  ribbon  themselves.  No  attenu¬ 
ation  increase  was  also  observed  due  to 
microbending. 

The  long-term  reliability  evaluation  indicated  that 
neither  transmission  characteristics  nor  mechanical 
strength  of  carbon  coated  fibers  would  deteriorate 
at  all  even  if  water  entered  inside  the  cable. 


IV.  Conclusion 

A  field  installation  test  was  conducted  to  evaluate 
reliability  of  carbon  coated  fiber  cable.  In  spite  of 
harsh  envii-onment,  no  loss  increase  was  observed 
after  1.5  years  installation.  The  long-term  reliability 
of  optical  fiber  cable  in  transmission  and  mechanical 
characteristics  drastically  improve  by  applying 
carbon  coated  fibers  which  have  the  e.xcellent 
characterist  ics. 
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Carbon-Coated  Polarization  Maintaining  Fibers 
for  Compact  Optical  Gyro  Module 
Kazuto  Hirabayaslii  Nasayuki  Nishiioto  Kosliikazu  Hatsuda 
HE  ElliMH  EIECIRIC 


(ABSTRACT) 

Carbon-coated  polarization  maintaining  optical 
fibers  have  been  highly  upgraded  in  fatigue 
properties.  It  is  revealed  that  the  fatigue  parameter 
"n"  of  the  carbon-coated  fibers  go  over  500,  which 
enables  the  fibers  to  coil  up  in  a  diameter  below 
30mm,  tolerating  strain  over  0.4*  . 

1. INTRODUCTION 

It  can  serve  to  the  purpose  in  miniaturizing  an 
optical  fiber  gyroscope,  to  shorten  a  diameter  of 
sensing  coils,  which  used  to  be  some  60  mm.  As  for  a 
phase  modulator  and  such,  a  bending  diameter  below 
30mm  is  required  of  the  wiring.  To  date,  it  has  been 
well  known  as  a  typical  means  to  select  a  smaller 
diameter  (about  SOjum)  than  the  conventional  one 
(about  125  tJi  m)."-’  However,  fibers  of  80  /z  m 
diameter  are  susceptible  to  lateral  pressure  and 
unable  to  be  fused  into  fibers  of  125 yum  diameter.  As 
the  alternative,  it  is  recommended  to  apply  "Carbon 
coating  method",  to  polarization  maintaining  fibers, 
because  the  method  assures  long-term  reliability  on 
mechanical  strength,  resistance  against  lateral 
pressure,'’  and  readiness  for  fusion  splicing  as  a 
conventional  method.”  This  report  details  the 
characteristics  of  carbon-coated  polarization 
maintaining  fibers  for  a  compact  optical  gyro  module. 

2_lE k perime ntal  Procedure 

Fig.1  schematically  shows  the  drawing  process  of 
carbon-coated  polarization  maintaining  optical 


fibers.  A  fiber  of  125 yum  diameter  is  drawn  out  of 
the  preform  rods  with  a  stress-applying  parts,  and 
passed  through  a  CVD  reactor  for  carbon-coating, 
being  jacketed  with  UV  curable  resin  thereafter,  to 
form  the  outer  diameter  into  250 yum.  The  thickness 
of  carbon  layers  may  be  measured  by  an  in-line 
conductivity  monitor  over  the  entire  length. 
Therefore,  it  is  revealed  to  be  about  500  A  on  the 
average. 

The  tensile  strength  test  and  fatigue  test  were 
carried  out  for  the  assurance  of  long-term  reliability 
of  carbon-coated  fibers.  The  tensile  test  resulted  in 
a  strain  rate  of  5Vmin  with  a  gauge  length  of  200mm 
at  25  C  and  60*  in  humidity.  Through  with  the 
tensile  test  over  25  specimens,  the  value 
corresponding  to  failure  probability  of  50*  was 
assumed  to  be  the  failure  strength.  Dynamic  fatigue 
test  was  performed  to  obtain  fatigue  parameter  "n". 

^ PREFORM  ROD 

Y  FURNACE 
CVD  REACTOR 

REACTANTS  m  POLYMER  COATER 

I  UV  CURING  FURANCE 

I 

^  POLYMER  COATER 
I  UV  CURING  FURNACE 

IN-LINE  CONDUCTIVITY 
MONITOR 

Fig.  1  A  SCHEMATIC  SHOWING 
THE  DRAWING  PROCESS 
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Moreover,  carbon-coated  and  non-carbon-coated 
fibers  were  coiled  around  mandrels  of  2. 3~ 3.2mm 
and  10  specimens  were  prepared  for  one  type  of 
strain.  They  were  left  in  both  water  and  air  at  a 
room  temperature  for  the  examination  on  static 
fatigue.  Sensing  coils  of  carbon-coated  fibers  were 
prepared  for  vibration  test,  impact  test,  and  heat 
cycle  test.  As  to  the  vibration  and  impact  test, 
increase  in  loss  and  degradation  in  crosstalk  were 
determined.  By  the  way,  variation  of  crosstalk  was 
observed  from  the  heat  cycle  test. 

3.Results  and  Evaluation 


Table.l  shows  the  detailed  properties  of  carbon- 
coated  polarization  maintaining  optical  fibers.  There 
are  seen  a  spread  in  specific  refraction  indexes,  1*, 
cutoff  wave  length,  0.7^im,  transmission  loss  at  0.85 
/zm,  2.0dB/km,  birefrigence,  4.5X10'^  and  crosstalk, 
-35dB  at  1  km. 


Table  1.  The  properties  of  the  carbon-coated 

polarisation  maintaining  optical  fibers 


Fiber  diameter 

pm 

125 

Thickness  of  carbon  layer 

A 

500 

Coating  diameter  of  resins 

pm 

250 

Relative  refractive-index 

difference 

% 

1.0 

Cutoff  wavelength 

pm 

0,70 

Transmission  loss  at  0.85pm 

dB/km 

2,0 

Birefrigence 

- 

4.5x10-‘ 

Crosstalk 

(fat  111 

-35 

Failure  strength 

GPa 

4,71 

The  Weibull  distribution  in  strength  of 
carbon-coated  polarization  maintaining  optical 
fibers,  is  plotted  in  figure.2  by  contrast  with  the 
case  of  non-carbon-coated  ones.  The  failure 
strength  (  the  value  at  50%  in  failure  probability  )  of 
carbon-coated  fibers  was  4.7GPa,  resulting  in  an 
increase  by  0.24GPa  compared  to  non-carbon-coated 
ones’. 

Figure. 3  shows  the  dynamic  fatigue  characteristics 
of  the  carbon-coated  polarization  maintaining  fibers, 
by  contrast  with  the  case  of  conventional  fibers  in 
non-carbon-coating.  A  fatigue  parameter  "n"  (>500) 
of  the  carbon-coated  fibers  is  far  greater  than  the 
conventional  fibers’  (24.8). 
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Fig,2  WEIBULL  PLOTS  OF  CARBON-COATED 
AND  NON-CARBON-COATED 
POLARIZATION  MAINTAINING  FIBERS 
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Fig. 3  The  dynamic  fatigue  properties 

of  carbon-coated  and  non-carbon-coated 
polarization  maintaining  optical  fibers 
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Figure.4  shows  the  static  fatigue  properties  of 
car  bon -coated  fibers,  by  contrast  with  the  fibers  in 
non-carbon-coating.  As  for  static  fatigue 
parameters  of  the  non-carbon-coated  fibers,  there 
are  figured  out  29.5  in  the  air  and  27.4  in  water  .  It 
is  impractical  to  wind  carbon-coated  fibers  around  a 
mandrel  smaller  than  2mm  in  diameter.  At  that,  no 
breakage  was,  in  reality,  found  on  the  fibers  wound 
around  a  mandrel  of  2.3mm  diameter,  even  though 
the  fibers  had  remained  wound  over  half  a  year. 
Consequently,  the  static  fatigue  parameter  "n” 
seems  to  be  quite  a  large  one.  From  the  Weibull 
distribution  plots  in  strength  and  the  fatigue 
properties,  it  is  definitely  interpretable  that 
carbon-coated  fibers  far  excel  conventior.al  fibers  of 
non-carbon-coating,  in  enduring  reliability  on 
mechanical  strength. 


Fig.  4  The  static  fatigue  properties  of 

carbon-coated  and  non-carbon-coated 
polarization  maintaining  optical  fibers 


Figure. 5  shows  the  appearance  of  a  sensing  coil  and 
a  phase  modulator  of  carbon-coated  polarization 
maintaining  optical  fibers.  The  properties  of  the 
sensing  coil  are  epitomized  in  Table.2. 

In  figure  6,  shown  is  the  relationship  winding 
diameter  and  crosstalk  property  of  carbon-coated 
polarization  maintaining  fibers  comprising  the 
sensing  coil  and  phase  modulator.  No  degradation 
was  observed  from  the  crosstalk  property  up  to 
10mm  in  either  way  of  winding  length. 


Fig.  5  Appearance  of  the  coil  and  phase 

modulator  made  out  of  the  carbon-coated 
polarization  maintaining  of  optical  fiber 

Table  2.  The  properties  of  the  carbon-coated 
fiber  coil 


Diameter  of  the  coil 

mm^ 

74 

Width  of  the  coil 

mm 

12 

Diameter  of  phase 
modulator 

mm^ 

27 

Fiber  length 

m 

150 

Transmission  loss 

dB 

0.5 

S-30 


w 

W  -40 
O 
cr 
o 


-50 


•  WINDING  LENGTH  :  1m 
■  WINDING  LENGTH  :  2m 

-I  I  .1 - 1 _ ■  I 

0  10  20  30  40  50  60  70 

WINDING  DIAMETER  (mm) 


Fig.  6  Crosstalk  of  carbonn-coated 

polarization  maintaining  optical 
fiber 
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Figure.7  shows  the  state,  where  the  changes  in 
crosstalk  during  the  heat  cycle  test  on  the  sensing 
coil  of  carbon-coated  polarization  maintaining  optical 
fibers.  After  heat  cycle  was  repeated  four  times 
over  the  range  of  -40  ~  60  °C,  no  prominent 
deterioration  was  seen  on  the  crosstalk  property. 

Table.3  shows  the  conditions  and  results  from 
impact  and  vibration  tests  on  the  sensing  coil  of 
carbon-coated  polarization  maintaining  optical 
fibers.  Neither  increase  in  loss  nor  degradation  of 
crosstalk  property  was  observed  from  both  of  tests. 

As  a  result,  it  becomes  clear  that  coils  made  out  of 
carbon-coated  fibers,  have  excellent  resistance 
against  impact  and  vibration,  which  is  level  with  that 
of  conventional  non-carbon-coated  ones. 

Eventually,  on  the  basis  of  the  obtained  value  of 
fatigue  parameter  "n"  value,  we  inferred  the  failure 
probabilities  over  10  years  on  coiled  carbon-coated 
fibers.  As  described  by  Mitsunaga'^',  F,  failure 
probabilities,  can  be  expressed  as  follows, 


F=1-EXP{-aNp 


0 

Bp/E^(£s"ts) 

0 

(B/E^)  ep'''’tp 


Lo  }  ( 1 ) 


a  =  m/(n  p-2) 

0=(np-2)/(n-2) 

F  ;Failure  probability  of  optical  fibers 
N  p;The  number  of  times  of  failure  during  proof 
tests 

Lr,; Length  of  optical  fibers 
es;Applied  strain  for  use 
ep;Applied  strain  for  proof  test 
ts;period  for  use  (=10  years) 
tp;period  for  strain  for  proof  test  to  be 
applied  (=isec) 

m  ;constant  obtained  from  Weibull  plots  (=5) 
n  -.fatigue  parameter  for  use 
n  ,  .-fatigue  parameter  for  proof  test  (  =  n  ) 

B  ;constant  defined  by  environment  for  use  and 
materials 

B,;constant  defined  by  conditions  of  proof 
tests  (  =  B) 

E  -.Young’s  modulus  of  optical  fibers 


Fig.  7  Changes  in  crosstalk  of  the  fiber  coil 
during  heat  cycle  test 


Table  3.  The  results  of  impact  tests  and 
vibration  tests  of  carbon-coated 
fiber  coil 


Impact  test 

Vibration  test 

Test  conditions 

15G 

1  iKc  sine  wave 
3  tiles  aims  evEiy  arises 

5G 

5-2000  Hz 

Loss  increase 

>0.1  de/km 

>0.1  dB/km 

Crosstalk 

degradation 

>0.5  dB 

>0.5  dB 

WINDING  DIAMETER  (mm) 

Fig.  8  Failure  probability  of  carbon— coated 
and  non  —  carbon  -  coated  fiber  coils 
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Figure  8  shows  the  results  from  the  calculation  of 
failure  probabilities  over  10  years  on  carbon-coated 
fibers  of  125 /um  diameter  and  non-carbon-coated 
fibers  of  80 /j m  and  Mbum  diambr^-r,  throughout  the 
range  of  winding  diameter. 

Through  with  the  review  of  Figure.?.,  we  liave 
reached  the  conclusion  that  coils  made  out  of 
carbon-coated  polarization  maintain. ng  optical  fibers 
excel  ones  made  out  of  conventio-cl 
non -car bon -coated  fibers  in  lifespan. 

4.CONCLUSION 


We  developed  carbon-coated  polarization 
maintaining  optical  fibers,  and  analyzed  the  various 
properties.  In  conclusion,  it  is  clarified  that 
carbon-coated  fibers  enable  a  winding  diameter  of 
coils  to  go  under  30mm,  tolerating  as  much  as  0.4*  or 
over,  while  causing  no  degradation  of  polarization 
maintaining  properties. 
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ABSTRACT 

A  novel  process  was  developed  to  continuously  form 
metal  coatings  for  silica  optical  fibers  by  electroless 
plating  and  electroplating.  The  metal-coated  optical 
fibers  fabricated  through  our  new  process,  excels  in 
mechanical  strength,  fatigue  resistance,  and 
transmission  loss. 

Additionally,  a  trial  model  cable  which  was  made  out 
of  the  metal-coated  optical  fibers,  exhibited 
significant  improvement  in  heat  resistance. 


1.  INTRODUCTION 

Recently,  as  low  loss  optical  fibers  are  extensively 
employed  in  a  variety  of  fields,  the  need  for  high 
mechanical  strength,  excellent  resistance  to  hydrogen 
permeation  ,  and  improved  tolerance  to  heat  becomes 
apparent.  Some  examples  include  applications  for  the 
fire-protection  systems  where  optical  fibers  be 
exposed  to  high  temperature  for  extended  period  of 
time.  However,  plastic  coatings  as  conventional  means 
burn  to  decompose  under  fire  so  that  optical  fibers 
would  be  broken  easily.  Thus,  the  use  of  metal 
coatings  on  optical  fibers  is  required. 

Several  researchers  have  attempted  coating  fibers 
with  metal  coatings  such  as  aluminium'”,  lead,  and 
tin.  It  is  well  known  as  a  conventional  method  for 
forming  metal  coatings  for  optical  fibers,  to  pass 
optical  fibers  through  a  bath  containing  metal  melt  in 
fiber  drawing  process.  This  dipping  method,  however, 
suffers  from  a  disadvantage  of  a  generation  of  a 
microbent,  which  causes  an  increase  of  a  transmission 
loss.  Besides,  the  degradation  of  the  fiber  strength  is 
caused  by  the  reaction  between  molten  metal  and  silica 
fiber  surface.  Thus,  the  dipping  method  has  not  yet 
found  wide  acceptance. 

In  order  to  solve  such  problems,  we  have  developed 
a  novel  metal-coating  process.  This  paper  describes  in 
detail  the  characteristics  of  our  metal-coated  fibers, 
and  the  experimental  result  of  the  best  resistant  cable 
made  out  of  these  fibers. 


2.  METAL-COATED  OPTICAL  FIBERS 


2.1  METAL-COATING  PROCESS 

The  optical  fiber  is  drawn  without  plastic  coating 
and  wound  up  on  the  bobbin.  This  fiber  is  dipped  into 
container  filled  with  electroless  plating  solution  of 
nickel  and  phosphorus  at  about  70  °C  as  shown  as 
Fig.1.  Nickel  able  to  be  easily  electroless  plated, 
having  a  contact  with  the  fiber  surface,  is  most 
preferably  used  as  the  primary  coating  material. 
Following  electroless  plating,  various  metal  coatings 
such  as  copper,  silver,  gold,  and  nickel  are  applied 
over  the  thin  primary  Ni-coating  by  electroplating. 


Electroless  Electroplating 

Plating 


Fig.l  Me t a  1  -  Co  a t  i  ng  Process 


In  this  study,  Ni-coating  was  only  prepared  for  a 
single-mode  optical  fiber  due  to  the  fact  that  Ni  can 
serve  fairly  well  as  a  means  of  resisting  heat, 
compared  to  other  materials.  The  phot.1  shows  the  SEM 
photograph  of  the  cross-section  of  the  Ni-coated 
fiber.  The  Ni-coating  having  a  thickness  of  3~5  p  m,  is 
quite  uniform  in  thickness.  Additionally,  the  surface 
of  Ni-coating  looks  very  smooth  as  shown  as  the 
phot.2. 
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Photo. 1  Cross-sectional 
Structure  of  Ni-Coated  Fiber 


Photo. 2  SEM  of  S'i  Coated  Fibe 
(400  X  ) 

2.2  STRENGTH  AND  FATIGUE 


Fig. 2  Strength  of 

Ni-Coated  Fiber 


2.3  TRANSMISSION  LOSS 

Fig.3  shows  the  loss  spectra  of  the  Ni-coated 
single-mode  fiber  fabricated  through  our  new 
process.  This  fiber  shows  lower  loss  (  0.7  dB/km  at  1.3 
tjm  )  than  those  in  the  conventional  metal  coated  fiber 
by  the  dipping  process.  In  the  case  of  dipping 
process,  the  remarkable  microbending  loss  increase 
is  caused  by  the  shrinkage  of  the  fiber  which  is 
generated  on  cooling  from  melting  temperature  (  about 
700  •  C  for  aluminium  )  to  room  temperature.  On  the 
other  hand,  electroless  plating  and  electroplating, 
which  can  be  done  at  a  much  lower  temperature  (  70-90 
*  C  ),  are  free  from  such  shrinkage. 


The  failure  strength  of  Ni-coated  optical  fiber  was 
measured  by  dynamic  bending  test‘d’.  Fig. 2  shows 
the  typical  strength  distribution  of  the  Ni-coated 
fiber.  The  strength  at  50*  failure  probability  is 
approximately  5.0  GPa  which  is  just  the  same  as  that  of 
the  conventional  plastic  coated  fiber.  Also,  the 
portion  of  low  strength  cannot  be  located  in  the 
Weibull  plot. 

To  characterize  the  fatigue  resistance  of  Ni-coated 
fiber  ,  the  static  fatigue  behavior  was  examined  using 
the  fibers  wound  on  small  diameter  mandrels.  The 
maximum  bending  stress  for  the  fibers  was  3.0  GPa. 
Under  the  stress  of  such  magnitude,  the  Ni-coated 
fiber  has  been  survived  for  more  3  months.  It  was 
found  that  the  Ni-coated  fiber  exhibits  negligible 
strengtri  degradation  caused  by  stress  corrosion. 


Table. 1  Characteristics  of  Ni-coated  Fiber 


fiber  type 

single  mode 

MFD  (  m) 

9.0 

cladding  dia.  (  u  m) 

125 

Ni  coating  dia.  ( fj  m) 

130 

optical  loss  at  1.3  m  (dB/km) 

0.7 
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3.  NEW  HEAT  RESISTANT  CABLE 


Wavelength  [  ii  m] 


Fig-3  Initial  Optical  losses  of 
Ni-Coated  Fiber 


2.4  TEMPERATURE  CYCLING  TEST 

Fig. 4  shows  the  temperature  characteristic  of 
Ni-coated  fiber.  In  a  heat  chamber,  a  fiber  line  was 
strung  over  a  distance  of  500m,  and  a  temperature 
repeated  to  cycie  from  -80  to  +90  *  C  at  intervals  of  8.5 
hours.  The  transmission  loss  was  monitored  at  1.3  /im, 
where  a  negligble  change  of  loss  was  observed. 


0  d  8  12  16 


Time  [Hours] 

Fig. 4  Temperature  Cycling  for 
Ni-Coated  Fiber  at  1.3/zm  [L  =  500ffl] 


3.1  CABLE  CONSTRUCTION 

A  most  modern  heat  resistant  cabie  is  designed,  by 
taking  full  advantage  of  Ni-coated  optical  fiber  and 
described  as  follows. 

The  structure  of  the  referenced  cable  is  shown  in 
Fig.5.  The  cable  core  is  prepared  by  thrusting 
Ni-coated  optical  fibers  into  stainless  steel  tubes, 
which  have  an  outer  diameter  of  1.2  mm  and  the  inner 
of  0.8  mm.  Then,  they  are  stranded  and  bound  up 
around  a  galvanized  steel  wire.  The  outer  sheath 
comprises  flame-retardant  polyethylene  containing 
magnesium  hydroxide'^’.  Also,  the  cable  diameter  is 
7.0  mm. 


Fij.S  C ros s - spc t i on  of  Tested  Cables 


3.2  HEATING  CONDITIONS 

The  test  method  for  flame  resistance  meets 
Regulation  No.7  of  Fire  Defence  Agency  of  Japan 
(FDAJ):"Testing  Standard  of  Fire-Proof  Cables". 

The  test  went  as  follows.  As  shown  in  Fig. 6,  test 
cables  were  set  straight  on  a  pearlite  board.  Fig. 7 
shows  a  furnace  compatible  with  Specification  JIS  A 
1305.  These  samples  were  heated  for  30  minutes, 
following  the  temperature  curve  specified  in  Japanese 
Industrial  Standard  (JIS)  A  1304,  which  simulates  a 
temperature-shift  in  fire'*’. 
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- 3  D  0  m  m - >  Pari  its 

Dummy 


Fig. 6  Measurmsnt  Method  of  Heating  Test 
(In  compliance  with  Japanese 
Industrial  Standard  JIS  A  1305) 


3.3  RESULT 


4.  CONCLUSION 


Fig. 8  shows  the  sensed  temperature,  and  the 
transmission  loss  change  of  the  test  fiber.  The 
temperature  of  fiber  rises  slowly  due  to  its 
heat-insulation.  Throughout  the  30  minutes,  there  was 
neither  breakage  of  optical  fiber  nor  an  remarkable 
increase  of  loss  to  be  observed.  Also,  the  Ni-coating  on 
the  optical  fiber  remained  sound. 


In  this  study,  a  new  metal-coating  process  by 
electroless  plating  and  electroplating,  has  been 
developed.  The  Ni-coated  optical  fiber  fabricated 
through  our  new  process  provided  excellent 
performances  in  mechanical  strength,  fatigue 
resistance,  transmission  loss. 

Additionally,  using  the  Ni-coated  optical  fibers,  a 
trial  model  cable  was  prepared  and  examined.  As  the 
result,  we  confirmed  the  excellent  heat  resistance. 


F  ig  ,  8 


Optical  Loss  vs  Temperature 
for  Heat  Resistant  Cable 
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ABSTRACT 


It  is  already  known  that  self-supporting  cables  and 
lashing  cables  undergo  galloping  oscillation  mode 
in  strong  winds. 

However,  in  actual  fact,  this  galloping  oscillation 
generally  occurs  in  a  direction  which  is  not 
perpendicular  to  the  wind  direction.  Therefore,  model 
cables  with  various  cross-sectional  shapes  are  tested 
using  wind  tunnel  experiment  equipment  and  the 
discrimination  equation  which  gives  the  occurrence 
conditions  of  galloping  oscillation  except  for  that 
perpendicular  to  the  wind  direction.  The  experimental 
resi Its  agree  with  aerial  cable  oscillation  under  wind 
pressure  during  actual  conditions  and  this 
discr  mination  equation  proves  valuable  if  the  direction 
of  oscillation  is  inclined  from  a  perpendicular 
direction  to  the  wind  direction. 

Moreover,  it  is  confirmed  that  galloping  oscillation 
can  be  prevented  by  inserting  a  cable  twisting. 

1.  INTRODUCTION 

As  aerial  cables  are  constructed  outside,  they  are 
exposed  to  the  elements.  It  is  necessary  to  consider 
various  fatigue  factors  such  as  temperature  changes, 
strong  winds,  and  uv  ravs  when  designing  the  cables.  In 
particular,  since  fatigue  of  the  cable  due  to  strong 
wind  tends  to  cause  snapping,  this  important  factor  must 
be  taken  into  consideration. 

Figure  1  shows  the  structure  of  a  self-supporting 
cable  and  a  lashing  cable.  Nowadays,  these  cables  are 
generally  used  as  telecommunication  lines  because  of 
their  advantages  in  construction.  Self-supporting 
cables  containing  strands  and  the  cable  itself  are 
manufactured  with  polyethyren.  Lashing  cables  use 
united  suspension  type  wire  with  the  cable  part 
consisting  of  a  spiral  stainless  steel  wire.  As  the 
structure  of  each  cable  has  a  figure-8  section  as  shown 
in  the  figure,  self-supporting  cables  and  lashing  cables 
tend  to  suffer  galloping  oscillation  when  exposed  to 
strong  winds. 

It  has  been  reported  that  in  most  cases,  for  example, 
oscillation  of  iced-up  electric  power  cables  was  studied 


using  the  elliptic  model  cables  in  detail,  m  However, 
there  are  very  few  examples  regarding  this  type  of 
research,  because  the  aerodynamic  force  of  the  figure-8 
cross-section  is  very  special. 

So,  in  this  study,  the  aerodynamics  of  model  cables 
having  various  cross-sectional  shapes  were  measured  and 
analyzed,  and  unstable  regions  which  bring  about  the 
possibility  of  oscillation  are  calculated  using  a 
special  equation  which  gives  the  occurrence  conditions 
of  galloping  oscillation  of  a  various  directions. 


huSelf-supporting  Cable 


Lashing  Wire 

IhiLashing  Cable 

Fig.  1  Self-supporting  Cable  and  Lashing  Cable 

2.  INITIAL  DIRECTION  OF  MOTION  OF  GALLOPING  OSCILUTIOW 

Figure  2  shows  a  dynamic  model,  when  a  cable  is 
exposed  to  wind  pressure.  This  figure  shows  that  the 
cable  cross-section  inclines  only  at  ,5  from  the 
horizontal  directi'-n,  when  cable  is  subjected  to 
horizontal  wind  velocity  U.  At  this  time,  the  drag  and 
lift  forces  D,L  can  be  expressed  using  the  drag  and  lift 
coefficients  Cr  ,  Ci  as  follows. 
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D:Drag  Force  L:Lift  Force 

U:Wind  Velocity  $  : Attack  Angle 

Fig.  2  Dynamic  Cable  Model 

D=0.5  Cd  nU'(a  t  b)  f  t  1  3 

L=0.5  C..  nU’(a  t  b)  f  C  2  ] 

where, 

a  Suspension  wire  diameter 
b  :  Cable  diameter 
C  :  Cable  length 
p  :  Air  density 

The  conditions  under  which  galloping  oscillation 
occurs  are  described  under  the  early  stage  of  the 
galloping  oscillation.  Outline  is  given  using  Fig.  3- 


y 


tDOscillation  Direction: Vertical  Direction 

a 


iMOsci nation  Direction:  u  Direction 


y  :  Oscillation  Direction 
r  :  Relative  Direction  Angle  of  the  Wind 
n  :  Oscillation  Direction  Angle 
U,  :  Relative  Wind  Velocity 
L'  :  Lift  Force 
D'  :  Drag  Force 

Fig.  3  Definition  Of  Oscillation  Direction 


This  figure  expresses  the  force  direction  vector  when 
the  cable  begins  to  oscillate  due  to  a  strong  wind.  At 
first,  this  paper  explains  the  case  with  a  very  small 
oscillation  perpendicular  to  the  wind  direction  which 
Den  Hartog  et  al.  have  investigated,  m  In  the  case  of 
Fig.  3ial  ,  the  oscillation  direction  is  shown  in  the 
figure,  and  the  occurrence  conditions  for  galloping  have 
been  analyzed  by  Novak  et  al..  r?i 
At  the  start,  the  cable  begins  oscillation  in  the  y 
direction  at  velocity  y.  Therefore,  the  relative  wind 

velocity  is  U.  (U/cosr  )  and  drag  force  D'  and  lift 

force  L*  are  shown  as  in  Eqs.  [  3  ]  ,  [  t  ]  . 

D'  =  0.5  Ct>  n  (U/oosr  )'(a  •  b)  1  C  i  ] 

L’  =  0.5  Cl  p  (U/cos 7  )Ma  •  b)  i  C  4  ] 

Where,  Cd  and  Ci  are  considered  to  be  a  function  of 
the  attack  angle  such  as  $  .  However,  since  y  is  very 
small  at  the  beginning  of  galloping  oscillation,  it  is 
assumed  that  r  .4  and  in  the  case  of  the  attack  angle 
being  ,j  7  ,  the  same  Cp  and  Ci  should  be  used. 

Force  F,  acts  on  the  direction  of  oscillation  y  and 
aerodynamic  force  coefficient  Cr,  is  defined  by  Eq. 
t  5  ]  as  f  ol lows  . 

F,  =0.5  Cv.pUMa'  b)f 

=  D'  sin{  7  '  L'  cos(  7  >  [  5  ] 

When  Eq.  [  5  ]  is  rearranged  by  substituting  Eqs. 
[  3  ]  and  [  I  ]  ,  the  aerodynamic  force  coefficient  Crr 
is  considered  to  be  a  function  of  the  drag  coefficient 
Cn  ,  lift  coefficient  Ci  and  the  relative  direction 
angle  of  the  wind  7  .  The  result  is  shown  as  follows. 

Cf,=  (Co  tan  7  •  Cl  '  /cos 7  [  (i  3 


Fig.  U.  Growing  Process  of  Galloping  Oscillation 


(by  Ilo  et  al . ) 
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The  typical  growth  process  of  galloping  oscillation 
for  an  aerial  cable  having  a  figure-8  cross-section, 
has  been  observed  by  Ito  et  al . .  The  example  is  shown 
in  Fig.  U.  131  This  figure  indicates  the  cable  locus  in 
the  cable  cross-section  plane.  From  this  figure  one  can 
see  that  when  the  amplitude  in  the  initial  stages  of 
oscillation  is  low  it  gathers  within  a  certain  area. 

However,  after  the  amplitude  of  the  oscillation 
reaches  a  certain  level,  oscillation  containing  other 
directions  increases  and  starts  rotating  around  the 
suspension  wire  and  cable  oscillation  is  stabilized  in 
an  elliptical  or  close-to-eircular  locus  as  shown  in 
Fig.  U.  It  is  interesting  that  the  initial  direction  of 
galloping  oscillation  is  neither  vertical  nor  in  the 
angle  direction  of  the  wind  attack. 

It  has  been  reported  that  this  oscillation  direction 
angle  is  found  in  all  eases  to  be  smaller  than  the  angle 
of  wind  attack.  i}>  Angle  of  oscillation  direction  in 
case  of  Fig.  3  ibl  is  shown  in  Fig.  U.  Tsuruta  et  al. 
have  analyzed  galloping  oscillation  in  the  case  of  the 
inclines  fora  from  the  vertical  direction.  01  The 
aerodynamic  force  coefficient  C  r ,  is  shown  as  Eq. 

C  7  ]  by  Tsuruta  et  al . . 


(b)  Self-supporting  Cable  Model 


Cr7=cos'  a  1  Co  sin(a  -  r  )  -  Cl  oos(  a  -  r  )  I 

/cos’ ( a  r  )  t  7  ] 

Here,  if  a  is  0,  Eq.  C  7  ]  agrees  with  Eq.  [61. 
The  distinctive  equation  of  the  occurrence  of  galloping 
oscillation  is  derived  from  Eq.  [71  and  the  results 
are  shown  as  Eq.  [  8  1  . 

S=(dCi-,/d5  ) 

=  (dCo  /d^  )sina  cosa  ■  {  dCi  /d/3  )  cos’ a 

’  Co  cos’ a  Cl  sin  a  coso  -  2Cd  '0  C  8  1 

Equation  [  8  1  is  the  distinctive  equation  of  the 
occurrence  of  galloping  oscillation  and  was  obtained  by 
extending  the  Den  Hartog  theory. 

3.  WIND  TUNNEL  EXPERIMENT 
3.1  MODEL  CABLES 

To  measure  the  aerodynamic  force  of  the  rabies,  four 
types  of  model  cables  as  shown  in  Fig.  5  were 
manufactured.  Here,  because  aerodynamic  force,  which  is 
the  issue  in  the  discrimination  of  the  occurrence  of 
galloping  oscillation,  is  due  to  the  cross-sectional 
shape  of  the  cable,  it  is  measured  using  a  2-dimensional 
wind  tunnel  experiment.  For  this  reason,  longitudinal 
tensile  rigidity  in  the  cable  was  ignored,  so  the  cable 
models  were  manufactured  as  a  rigid  body.  The  ratio  of 
shape  is  defined  by  the  ratio  of  suspension  wire 
diameter  to  the  cable  diameter  with  the  ratio  being  1:2. 


103  103 


111!  Self-supporting  Cable  Model  with  twisting 

(Unit:mm) 

Fig.  5  Cross  Section  Shape  of  Model  Cables 


Type  l•■ll  assumes  the  self-supporting  cable  in  actual 
service.  Both  cable  and  suspension  wire  are  made  of 
steel  pipe  with  a  neck  provided  between  the  cable  and 
suspension  wire. 

Type  Ibl  uses  a  lashing  cable,  with  steel  pipe  being 
used  in  the  same  way  as  in  type  i.n  but  type  (!'!  does  not 
have  a  neck. 
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Type  (i)  cable  model  was  made  of  steel  pipe  and  a 
window  is  provided  between  the  cable  and  suspension  wire 
using  a  plate.  This  type  has  been  not  used  for 
telecommunication  lines. 

Type  Id)  assumes  the  self-supporting  cable  (typel-'i) 
with  inserted  twisting  as  during  service.  The  cable  was 
made  of  steel  pipe  and  the  suspension  wire  was  made  of  a 
vinyl  hose  filled  with  resin  and  twines  around  the 
cable. 

3.2  EXPERIMENTAL  METHOD 

The  aerodynamic  force  was  measured  using  the  large 
Gottingen  type  wind  tunnel  at  the  Building  Research 
Institute.  The  experiment  equipment  is  shown  in  Fig.  6. 
Working  section  size  is  2m '<  1.5m,  and  the  equipment  has 
an  edge  plate,  in  order  to  subject  uniform  velocity  wind 
in  the  longitudinal  direction  of  the  model  cables.  The 
ends  of  the  model  cables  pass  through  the  edge  plate  and 
connect  with  the  load  cell,  as  shown  in  Fig.  6.  Wind 
velocity  was  measured  by  a  pitot  tube  fixed  at  the 
blow-out  duct . 

Experiments  were  carried  out  under  a  steady  wind  force 
with  a  wind  velocity  of  I3m/s  for  almost  all  model 
cables.  The  attack  angle  of  the  model  cables  was  varied 
from  0°  to  90"  when  drag  force  and  lift  force  were 
measured  by  the  load  cell,  and  then  drag  coefficient  and 
lift  coefficient  were  calculated  from  eqs.  [11. 

[2]  . 

3.3  EXPERIMENTAL  RESULTS 

Unstable  regions  were  determined  by  the  measurement 
results  of  the  drag  coefficient  and  lift  coefficient 
of  model  cables  as  shown  in  Fig.  5. 

At  first,  measured  values  of  the  lift  coefficient  were 
closely  approximated  with  the  h-dimensional  Fourier 
series  in  the  range  of  O'  0  •  2/T  and  the  results  are 
shown  as  Eq.  [91. 


Fig.  6.  Experimental  Equipment 


Fig.  7  Experimental  Result 
{(a)  Lashing  Cable  Model) 


Fig.  8  Experimental  Result 
((b)  Self-supporting  Cable  Model) 


((<■)  Self-supporting  Cable  Model  with  Window) 


(I'll  Self-supporting  C^ble  Model  with  Twisting) 
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Cn  =f(  0  )=Ao  *  Aicos  0  '  kjcos2.0  t  ft3C033^^  '  AiCosU^' 

I  Bisin  D  >  B?sin2W  t  BjsinSW  ‘  B.sinUW 

[9] 

Because  the  range  of  /S  is  0-  ^  '  n  12,  as  follows: 
0  =U/3  .  dO  /d,S  =9. 

Therefore,  Ci>  /d;:  is  expressed  as  Eq.  {  I  0  1  . 

Cd  /d/J  =(  d^'  /d,3  )(dCi>  /do  ) 

=U  (df(  0  )/  dO  I 

=lt  i{Bicos  Ui3  I  2P:C03  8^  t  3Bj0os12^ 
t  ItBiCoslB,?  (Aisin  U/j  t  2A!Sin  8;3 
*  3A33inl2;3  •  UA«3inir),3  )  1  [10] 

The  lift  coefficient  is  also  approximated  bj  Eq. 

1101. 

In  addition,  the  angle  of  oscillation  direction  u  was 
in  the  range  of  O'  to  U5"  with  an  interval  of  b  , 
the  drag  coefficient  Ci>  ,  the  lift  coefficient  Ci  and  S 
calculated  by  Eq.  [81,  are  shown  in  Figs.  7"  10. 

Figure  7  shows  the  measured  results  of  the  lashing 
cable  model  (type  (■'il  )  and  that  a  large  negative  slope 
exists  on  the  Ci  -curve.  Due  to  this,  an  unstable 
region  exists  nearby  with  a  range  of  10"  to  25'  , 
mostly.  The  experimental  results  showed  that  it  is 
difficult  to  deny  the  possibility  of  galloping 
oscillation  occurring.  This  fact  agrees  with  the  result 
that  the  occurrence  oi  galloping  oscillation  has  been 
confirmed  by  Ito  et  al.  using  a  3-dimensional  model 
cable  in  a  wind  tunnel  experiment. 

Next,  the  results  of  the  self-supporting  cable  model 
(type  (111)  are  shown  in  Fig.  8  and  the  self-supporting 
cable  with  window  model  (type  ('') )  is  shown  in  Fig.  9. 
These  results  are  similar  to  those  of  the  lashing  cable 
model  (type  l•ll  )  shown  in  Fig.  7  and  it  is  recognized 
that  an  unstable  region  exists  nearby.  It  is  shown  that 
the  neck  or  window  between  suspension  wire  and  cable 
does  not  affect  aerodynamic  force  so  much. 

The  results  of  the  self-supporting  cable  with  twisting 
(type  I'h  )  are  shown  in  Fig.  10  and  it  is  seen  that  the 
lift  coefficient  is  almost  constant  in  spite  of  the  size 
of  attack  angle.  No  unstable  region  exists  and  the 
effect  of  twisting  is  observed. 

These  results  are  also  proved  by  the  fact  th.al  after 
inserting  a  twist  every  10m.  On  self-support .ng  cables 
there  have  been  no  incidences  of  snapping  at  this  stage. 

n.  CONCLUSION 


At  this  time,  the  measured  results  of  aerodynamic 
force  agree  with  the  actual  oscillation  condition.s  of 
aerial  cables  in  the  wind  which  are  used  at  present 
time. 

It  clarified  that  the  occurrence  distinction  of 
galloping  oscillation  is  estimated  by  calculating  the 
unstable  region  which  is  the  purpose  of  this 
investigation. 


However,  the  relation  between  the  number  of  twists  and 
occurrence  conditions  of  galloping  oscillation  is  not 
clear.  Hereafter,  the  authors  intend  to  verify  the 
above-mentioned  relation  using  the  3-dimen3ional  model 
cables. 
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Cii  =f(  »  )=Ai)  ‘  Aicos  0  '  A700S2H  t  rt]Cos3'<  '  A.cosU'' 
t  Bisin  w  I  Biain?^  <  BjsinSW  *  B.sinU^' 

to] 

Because  the  range  of  $  is  0-  ■  a  12,  as  follows; 

0  =U,i  ,  do  /d;5  =a. 

Therefore,  Co  /d^i  is  expressed  as  Eq.  t  I  0  ]  . 

Co  /d,;=(  do/d,S)(dCp  /dO) 

=U  idf(  (I  )/  do  '■ 

=1|  '(BiCOS  U,i  t  2P;C03  8o  t  3B3CO3I2/S 

*  ltB«co3l6/3  (Aisin  ‘  2A;sin  8/3 

•  3A)3in123  •  itA.sin1f)3  )  1  [  1  U  1 

The  lift  coefficient  is  also  approximated  by  Eq. 
110]. 

In  addition,  the  angle  of  oscillation  direction  <i  was 
in  the  range  of  O'  to  il5"  with  an  interval  of  5'  , 
the  drag  coefficient  Co  ,  the  lift  coefficient  Ci  and  S 
calculated  by  Eq.  [  ti  ]  ,  are  shown  in  Figs.  7^  10. 

Figure  7  shows  the  measured  results  of  the  lashing 
cable  model  (type  (.0)  and  that  a  large  negative  slope 
exists  on  the  Ci  curve.  Due  to  this,  an  unstable 
region  exists  nearby  with  a  range  of  10  to  28  . 
mostly.  The  experimental  results  showed  that  it  is 
difficult  to  deny  the  possibility  of  galloping 
oscillation  occurring.  This  fact  agrees  with  the  result 
that  the  occurrence  oi  galloping  oscillation  has  been 
confirmed  by  Ito  et  al.  using  a  3-dimensional  model 
cable  in  a  wind  tunnel  experiment. 

Next,  the  results  of  the  self-supporting  cable  model 
(type  ii'i)  are  shown  in  Fig.  8  and  the  self-supporting 
cable  with  window  model  (type  (' I )  is  shown  in  Fig.  9. 
These  results  are  similar  to  those  of  the  lashing  cable 
model  (type  (al )  shown  in  Fig.  7  and  it  is  recognized 
that  an  unstable  region  exists  nearby.  It  is  shown  that 
the  neck  or  window  between  suspension  wire  and  cable 
does  not  affect  aerodynamic  force  so  much. 

The  results  of  the  self-supporting  cable  with  twisting 
(type  I'll)  are  shown  in  Fig.  10  and  it  is  seen  that  the 
lift  coefficient  is  almost  constant  in  spite  of  the  size 
of  attack  angle.  No  unstable  region  exists  and  the 
effect  of  twisting  is  observed. 

These  results  are  also  proved  by  the  fact  that  after 
inserting  3  twist  every  10m.  On  self-support .ng  cables 
there  have  been  no  incidences  of  snapping  at  this  stage. 

«.  (XmUSION 


At  this  time,  the  measured  results  of  aerodynamic 
force  agree  with  the  actual  oscillation  oondition.s  of 
aerial  cables  in  the  wind  which  are  used  at  present 
time. 

It  clarified  that  the  occurrence  distinction  of 
galloping  oscillation  is  estimated  by  calculating  the 
unstable  region  which  is  the  purpose  of  .this 
investigation. 


However,  the  relation  between  the  number  of  twists  and 
occurrence  conditions  of  galloping  oscillation  is  not 
clear.  Hereafter,  the  authors  intend  to  verify  the 
above-mentioned  relation  using  the  3-dimensional  model 
cables. 
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Ill 


CABLE  DESIGNS  AND  CALCULATIONS 

TVo  cable  structures  were  designed  to  meet  the 
end-users  requirements. 

Both  structures  employ  loose  tubes  as  the 
cabling  elements.  The  reason  for  this 
selection  is  that  it  is  easier  to  design  a 
larger  strain-free  margi^n  for  the  fibres  in  a 
loose  tube  structure  compared  to  other 
conventional  cable  structures.  A  strain- 
free  margin  implies  that  the  optical  fibres 
remain  stress-free  up  to  a  certain  amount  of 
cable  strain  when  the  cable  is  stretched. 
This  feature  is  important  in  an  aerial  cable 
as  the  cable  is  subject  to  permanent  tension 
during  its  service  life. 

The  short  span  version  can  accomnodate  up  to 
40  single  mode  optical  fibres.  A  typical 
cross-section  for  a  24  fibre  cable  is  shown  in 
Fig.  1.  It  consists  of  a  number  of  loose 
tubes  and  polymeric  fillers  stranded  around  a 
glass  fibre  reinforced  plastic  (GRP)  rod.  The 
principle  strength  member  is  two  layers  of 
aramid  yams  contra-helically  applied  between 
the  inner  and  outer  sheaths  of  the  cable.  The 
GRP  rod  is  used  to  provide  compressive 
stiffness  to  prevent  buckling. 


The  long  span  version  can  accomnodate  up  to 
24  tibres  and  has  an  identical  optical  core 
to  the  short  span  design.  A  typical  cross- 
section  for  a  24  fibre  cable  is  shown  in 
Fig.  2.  The  prini'-ple  strength  member  is  a 
layer  of  GRP  rod  stranded  over  the  inner 
sheath  of  the  cable.  As  well  as  providing 
tensile  strength,  the  layer  of  GRP  rods  also 
provide  improved  crush  performance  by  its 
‘bird-caging’  effect. 


Tablp  TI  -  Long  Span  Cable 


fij  (  SHOUT  SP/lH  CASH 


CakU  Sheath 


Penfheml  Strength  Member 

iMse  Tube 
ftljmcric  Fiiier 
Optieal  Fibre 
Central  Strength  Merrber 


Table  !  Short  Span._Cabl_e 


PARAMFTKR  1 

VALUE  1 

1 

Cabio  Overall  Diameter 

Cable  Mar.5 
.Strain-free  Window 

Maximum  Allcwablc  Stress 

Minimum  Breakinq  Load 

Lffec-tivo  Cable  Cross-i’CCt  lona  1  Area 
effective  Modulur>  of  Elasticity 
Co-efficjent  of  Thermal  Linear  Fxpansion 

14.5  */-  1  mm 

165  kg/km 

0.40%  (min.) 

5.9  KN 

19  KN 

121 

17.6  Gl’a 

3.3  X  lOVC^ 

PARAMETER 

VALUE 

Cable  Overall  Diameter 

Cable  Mass 

Strain-free  Window 

Maximum  Allowable  Stress 

1  Minimum  Breaking  Load 

1  Effective  Cable  Cross-Sectional  Area 

1  Effective  Modulus  of  Elasticity 

1  Co-efficient  of  Thermal  Linear  Expansion 

17,5  + / -  1  mm 

310  kg/km 

0.25%  (min.) 

23.1  KN 

90  KN 

220  ntm- 
18.0  GPa 

7.7  X  10*/^C 

Both  designs  exhibit  a  high  degree  of 
versatility  in  the  sense  that  the  amount  of 
strengthening  can  be  varied  to  suit 
different  span  lengths  and  different 
climatic  conditions  with  very  little  change 
to  the  cable  diameter.  For  example,  the 
short  span  version  can  be  designed  fc^  a  250 
metre  span  with  130  km/Tir  wind  loads  . 

From  the  stranding  pitch  of  the  tubes 
and  using  the  'rule  of  mixtures'  ’  ,  the 
amount  of  strain-free  nargin,  effective 
modulus,  effective  cross-sectional  area  and 
the  coefficient  of  linear  thermal  expansion 
of  the  cables  can  be  calculated.  Together 
with  other  relevant  cable  parameters,  these 
calculations  are  suimarized  in  Tables  1  and 
II  for  the  short  span  ar...  long  span  cables 
respectively.  These  composite  parameters 
form  the  basis  of  sag-tension  calculations 
required  for  accurate  stringing  in  the 
field.  In  Section  V  we  will  describe  tests 
conducted  to  confirm  the  validity  of  these 
calculations . 
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TV  OPTICAL  PERFORMANCE  OF  THE  CABLES 

'ITie  distribution  of  the  attenuation 
coefficients  of  the  optical  fibres  at  1300 
and  1550  nm  are  shown  in  Figs.  3  and  4,  for 
the  short  span  cable.  These  results 
represent  over  1500  km  of  cable  manufactured 
in  nominal  5  km  drum  lengths.  Minor 
differences  in  pre-cabling  and  post-cabling 
attenuation  results,  shown  in  Table  III,  is 
attributed  to  measurement  tolerance. 


TabI c  III  -  Summary  of  Att enuation  for  Short  Span 
N  =  40!^8 


PROCESS 

1300  nm  (dB/kro) 

1550  nm  (dB/km)  | 

KEAN 

S.D 

MEAN 

S.D 

Before  Cabling 
After  Cabling 

0. 346 
0.335 

0.011 

0.013 

0. 196 

0. 193 

0 . 009 
0.009 

S.D.  denotes  Standard  Deviation 


A  smaller  volume  of  long  span  cables  have 
been  manufactured.  However,  their 
attenuation  results  are  almost  identical  to 
those  for  the  short  span.  These  values 
represent  the  state-of-the-art  manufacturing 
statistics  for  single  mode  optical  fibre 
cables . 

V  STANDARD  OPTO-MECHANICAL  TESTS 

Both  cable  structures  were  manufactured  and 
subjected  to  a  series  of  opto-mechanical 
tests  in  accordance  with  lEC  794-1  and  EIA 
455  ICTTP.  Results  for  both  cables  are  shown 
in  Table  IV.  The  crush  resistance  of  these 
cables  is  superior  to  those  cables  designed 
for  underground  deployment  to  ensure  that  the 
cable  core  is  unaffected  by  crushing  at  the 
pole  attachment  points. 


Due  to  the  service  condition  of  these 
cables,  the  tensile  performance  of  the 
cable  is  considered  to  be  the  most  critical 
parameter.  This  parameter  i-  measured  in 
two  ways.  The  first  method  is  to  terminate 
both  ends  of  a  50  metre  cable  length  in  an 
epoxy  matrix.  All  the  strength  members  and 
optical  fibres  are  potted.  During  the 
test,  the  load,  cable  and  fibre  elongations 
are  recorded.  The  fibre  elongation  is 
measured  using  a  phase  delay  technique^ 
where  a  laser  is  modulated  at  100  MHz  and 
the  fibre  strain  is  deduced  directly  frcm 
the  measured  phase  shift. 

The  results  are  presented  graphically  in 
Figs.  5  and  6  for  the  short  and  long  span 
cables.  Since  this  arrangement 

approximates  very  closely  the  assumptions 
made  in  the  design  calculations,  the 
results  can  be  directly  compared  to  the 
design  value  as  a  check  on  the  design 
calculations.  From  the  gradients  of  the 
applied  force  versus  cable  extension  plots 
in  Figs.  5  and  6,  the  average  modulus  of 
the  cables  are  13.3  GPa  and  19.6  GPa 
respectively.  These  figures  are  in  good 
agreement  with  the  'rule  of  mixture' 
results  shown  in  Tables  I  and  IT.  Notice 
that  hysteresis  is  more  evident  in  the 
short  span  cable  than  in  the  long  span. 
This  is  typical  of  cables  which  incorporate 
aramid  yarns  as  the  principle  strength 
member. 

The  second  method  requires  the  cable  to  be 
terminated  with  dead-ends  identical  to 
those  used  in  the  field.  This  method 
simulates  worst  case  conditions  in  the 
installed  environment  and  ensures  that  the 
modulus  used  for  estimating  sag-tension 
values  leads  to  correct  specifications  for 
stringing. 


Table  IV 


PARAMETER 

TEST  METHOD 

RESULTS 

SHORT  SPAN 

LONG  SPAN 

Crush  Resistance 

794-1-E3  or  455-41 

>3.5  KN/100  mm 

>6.0  KN/100  mm 

Impact 

794-1-E4  or  455-25 

50  drops,  9N-m 

50  drops,  25N-m 

Twist 

794-1-E7  or  455-85 

>4.0  turns/m 

>2.0  turns/m 

Repeated  Bend 

794-1-E6  or  455-104 

15  X  OD  mm 

15  X  OD 

Temperature  * 

794-1-Fl  or  455-3A 

-20  to  +70'’C 

-20  to  +70‘’C 

Water  Penetration 

794-1-F5  or  455-82 

Pass 

Pass** 

OD  is  the  outer  diameter  of  the  cable. 

*  Criterion  for  Test:  less  than  0.1  dB  attenuation  increase  at 

1550  nm. 

**  No  leakage  is  used  to  judge  Pass/Fail. 
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FIG.  3  AERIAL  -  SHORT  SPAN  CABLE 
TYPICAL  ATTENUATION  at  1300  nm 


FIG.  4  AERIAL'  SHORT  SPAN  CABLE 
TYPICAL  ATTENUATION  at  1550  nm 

FREQUENCY 


3000 
2500 
2000  - 
1 500  - 
1000  - 
500 
0  ^ 


0.17  0.18  0.19  0.20  0.21  0.22  0.23  0.24  0.25  0.26  >0.26 


ATTENUATION  in  dB/km 


Average 


0.196 


v.'A3Lr 

0.193  dB/km 
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VI 


STRESS-STRAIN  CHARACTERISTICS  OF 


I  FIG.  5  AERIAL  SHORT  SPAN  CABLE 
I  Typical  Tensile  Test 
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fig.  6  AERIAL  LONG  SPAN  CABLE  |: 
Typical  Tensile  Test  I 
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CABLE  TERMINATIONS 

The  method  of  attaching  preformed  helical 
aluminium-steel  dead-end  fittings  on 
optical  fibre  cables  is  a  relatively  new 
technique.  To  validate  the  performance  of 
the  cable  plus  hardware  we  carried  out  a 
tensile  test  in  accordance  with  lEC  794- 
1  (except  that  the  cable  is  terminated  with 
dead-ends).  The  optical  fibres  are 

concatenated  to  form  a  continuous  loop  for 
both  attenuation  and  strain  measurements. 
To  simulate  the  effect  of  cyclic  loads  on 
the  cable  and  hardware,  the  load-hold- 
unload  cycle  is  repeated  three  times  to 
determine  the  optical  and  stress-strain 
characteristics.  The  results  exhibited  in 
Fig.  7  lead  us  to  conclude  that  after  a 
settling-in  strain  of  0.1%  attributed  to 
the  relaxation  of  the  hardware  (no  slippage 
between  cable  and  hardware  was  observed ) , 
the  stress-strain  curves  stabilize  to  a 
value  which  is  consistent  with  the  earlier 
curves  obtained  from  epoxy  termination. 
Itie  optical  attenuation  captured  in  Fig.  8 
shows  extremely  stable  1550  nm  transmission 
characteristics  up  to  15  )tN,  a  factor  of 
three  higher  than  the  rated  maximum  load. 
These  two  important  operating  features  of 
aerial  self-supporting  cables  have  been 
achieved  with  judicious  design  of  the 
strain  margin  and  cable  hardware.  In  an 
installed  cable,  this  test  ensures  that 
stable  sag  and  transmission  performance 
will  be  sustained  over  the  service  life  of 
the  cable. 


i  fig.  7  TENSILE  TEST  WITH  DEAD-ENDS  1 
Short  Span  Cable  , 

Applied  Force  (kN) 

20 


•  •  ’  j 

0  0.5  1  15  [ 

Cable  Extension  (%)  j 
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are  organized  into  splice  cassettes  within 
the  dome  with  fibre  loop  diameters  exceeding 
60  mm.  This  ensures  that  the  residual 
stress  and  excess  attenuation  at  1550  nm  is 
kept  below  accepted  industry  standards. 


Attenuation  change  (dB) 

1.00  .  -  -  -  - 


0.80 


0.60 


0.40 


0.20 


0.00  =  ia 

4.0  8.0  12.0  16.0 

Applied  Force  (kN) 


FIG.  8  AERIAL  SHORT  SPAN  CABLE  I: 

Attenuation  vs  Applied  Force 


‘  1300  nm  *  1550  nm 


FIGURE  9a:  Dead-end  termination  fittings 
seen  in  a  typical  field 
setting. 


VII  CABLE  ATTACHMENTS  PJ>!D  ACCESSORIES 

To  minimize  the  occurrence  of  faults  and  cost 
of  maintenance  of  the  cable  system,  the 
attachments  and  accessories  that  form  an 
integral  part  of  the  system  mu.st  be  equally 
reliable.  This  is  achieved  by  testing  these 
components  to  recognised  standards. 

The  dead-ends  (Fig.  9a)  and  suspension  clamps 
(Fig,  9b)  were  tested  to  Australia  Standards 
1154°  to  ensure  that  the  holding  and  breaking 
strengths  are  in  accordance  to  user 
specifications.  Aeolian  vibration  activity  is 
a  stress  mechanism  for  most  dielectric  cables 
with  circular  cross-section.  Thus,  vibration 
dampers  shown  in  Fig.  9c  are  normally  fitted 
close  to  each  cable  termination  or  clamp  to 
reduce  any  stress  that  may  build  up  at  these 
critical  locations.  Vibration  testing  is  a 
topic  that  is  currently  being  addressed  by  an 
IEEE  Sub-Comnittee  with  feedback  from  the 
manufacturer  of  cable  fittings'. 

Due  to  the  a)30ve-ground  deployment  of  self- 
supporting  cables,  the  method  of  jointing  is 
best  achieved  using  pole  mounted  joint 
enclosures  as  shown  in  Fig.  9d.  Here  the 
major  concerns  are  mechanical  robustness, 
temperature  and  humidity  ratings.  These 
parameters  are  determined  from  testing  to 
major  end-user  specifications,  for  example, 
Telecom  Australia®.  The  excess  optical  fibres 


FIGURE  9b:  Demonstration  of  deployment  of  a 
suspension  clamp. 
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VIII 


CONCLUSION 


Ttirough  proper  design  and  extensive 
laboratory  and  simulation  testing  of  key 
design  and  operational  parameters  of  self- 
supporting  cables,  associated  attachments 
and  accessories  we  have  shown  that  these 
components  will  meet  the  required  service 
conditions  expected  over  their  lifespan. 
Ttie  concept  of  building  up  a  cable  network 
using  self-supporting  cables  is  a  reliable 
and  economically  viable  option.  If  adopted, 
this  technique  lends  itself  to  very  rapid 
installation  compared  to  established 
underground  methods. 
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FIGURE  9c:  Vibration  damper  (spiral)  seen  in 
actual  use. 


FIGURE  9d:  Pole-mounted  joint  enclosure. 
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SHORT-  AND  LONG-SPAN,  SELF-SUPPORTING,  NON-METALLIC  AERIAL  FIBER  OPTIC  CABLE 
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Abstract. 


A  self-supporting,  non-metallic  aerial 
fiber  optic  cable  suitable  for  diverse 
applications  is  presented.  Short  span 
lengths  as  well  as  long  span  lengths,  up 
to  500  m,  can  be  achieved.  Its  special 
design  enables  the  cable  to  carry  high 
mechanical  loads  and  it  presents  complete 
protection  of  the  fibers  by  providing  for 
adequate  excess  fiber  length  and  excellent 
resistance  to  axial  compression. 
Furthermore,  the  selected  design  permits 
an  assured  stress  transfer  between  the 
anchoring  or  supporting  fittings  and  the 
strength  members  without  shift  of  the 
jacket  and  without  slippage  of  the 
fittings.  Conventional  overhead  line 
fittings  may  be  used  thus  making  for 
simple  and  rapid  installation. 

Introduction. 


In  many  cases  the  use  of  directly 
buried  cables  or  cables  installed  in  ducts 
is  neither  technically  feasible  nor 
economical.  This  holds  particularly  true 
in  rural  areas  with  low  population  density 
or  in  regions  with  rocky  grounds  or  in 
mountains.  In  these  cases  the  use  of 
aerial  cables  is  indicated.  A  non-metallic 
design  is  highly  desirable  in  areas  that 
are  subject  to  frequent  lightning 
discharges  or  electrical  interference.  A 
non-metallic,  self-supporting  aerial  Ccible 
can  also  be  incorporated  in  high  voltage 
transmission  lines.  This  kind  of  cable 
must  be  designed  to  meet  the  stringent 
mechanical  requirements  for  these 
applications  and  lend  itself  to  easy 
installation. 

Mechanical  requirements  for  aeri-''  cables. 

The  installed  aerial  cable  is 
constantly  subjected  to  a  tensile  load. 
This  leads  to  cable  elongation.  A  fiber 
optic  aerial  cable  must  be  designed  so 
that  the  elongation,  under  normal 
operating  conditions  and  over  its  design 
life,  will  not  result  in  fiber  elongation. 
Ice  and  wind  loads  must  also  be  considered 
as  normal  operating  conditions.  However, 
in  the  case  of  extreme,  rarely  encountered 


conditions  (i.e.;  extremely  heavy  ice 
loads)  one  may  allow  a  maximum  fiber 
elongation  at  a  30%  screen  test  level.  On 
this  premise,  the  life  expectancy  of  the 
fiber  is  not  yet  affected.  Of  course,  an 
unacceptable  attenuation  increase  must  not 
be  allowed  under  any  circumstances. 

During  installation,  the  cable  is  sub¬ 
ject  to  elongation  as  a  function  of  span, 
sag,  cable  weight  and  of  its  design  load. 
The  elongation  thus  arrived  at  varies  with 
the  wind  velocity,  temperature  and  the  ice 
deposition  on  the  cable.  Eq.  1^  is  the 
fundamental  equation  for  the  calculation 
of  different  environmental  and  load 
conditions.  Starting  from  this  equation, 
the  cable  elongation  can  be  derived; 


wherein; 


2 

A  =  cable  cross-section  (mm  ) 

a  =  span  length  (m) 

o  =  linear  expansion  coefficient  (1/K) 

2 

E  =  modulus  of  elasticity  of  the  cable  (N/mm  ) 

s  =  cable  sag  (m) 

w  =  cable  weight  per  unit  length  (N/m) 

w  =  initial  cable  weight  per  unit 

length  (with  or  without 

additional  load)  (N/m) 

w  =  cable  weight  per  unit  length  under 

*  the  observed  load  condition  (N/m) 

m  =  cable  weight  per  unit  length  of 

*  the  additional  load  (N/m) 

F  ’  tensile  force  (N) 

F  =•  initial  tensile  force  (N) 

o 

F  =  tensile  force  under  the  observed 

*  load  condition  (N) 
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initial  temperature 

(°C) 

temperature  at  the  observed 
load  condition 

(°C) 

The  cable  sag  is  derived  from  the 
following  equations  (see  i): 

without  additional  load; 


The  linear  expansion  coefficient  of 
the  cable  must  be  determined  either 
experimentally  or  calculated  from  the 
contributions  of  individual  cable 
components  to; 


^  o  .  E .  A . 
1  1  1 

T  E.  A. 
^11 


(6) 


2 

a  w 

s  =  -  (m) 

8  •  F 


with  additional  load; 


s 


S  •  F 


( m ) 


(2) 


(3) 


The  temperature  range  in  Europe  is 
typically  specified  between  -40°C  and 
+60°C. 


The  breaking  load  of  an  aerial  cable 

is; 


F  —  <T  ' 
B  B 


(N) 


(7) 


wherein  is  the  tensile  strength  of 
the  supporting  elements  (N/mm'^) 


The  maximum  permanent  load  capacity  is; 


According  to  VDE  specifications^,  a 
single  ice  load,  referred  to  cable  length, 
may  be  calculated  using  Eq,  4; 

w.  =  5  +  0.1  d  (N/m)  (4) 

wherein  d  =  cable  diameter  (mm) 


Depending  on  local  conditions,  it  may 
be  necessary  to  take  into  account  a 
multiple  of  this  ice  load.  Experimental 
results  covering  ice  loads  are  reported  in 
the  section  "Ice  Deposition  on  Aerial 
Cables"  of  this  paper. 


Ice  Deposition  on  Aerial  Cables. 

For  over  25  years  East  Germany  has 
established  a  measurement  network  for  the 
experimental  determination  of  deposited 
ice  masses.  This  network  encompasses 
different  typical  climatic  situations.  The 
following  equation  serves  as  the  basis  for 
ice  deposition  calculations^ ; 


wherein: 


The  wind  load,  referred  to  cable  length 
is*  : 

=  c  •  q  •  d  (N/m)  for  a  ^200  m  (5) 


W^=c-q-d(f^+0.6)  (N/m) 

a 

for  a  >200  m 


ice  deposition  for  a  given 
component  (kg/m) 

statistical  base  value  for  the 
reference  gauge  (vertical,  non- 
rotatable,  fixed  yardstick  35mm 
diameter,  1  m  long)  located  2  m 
over  ground  level  (kg/m)  (Fig.  1) . 


c  =  aerodynamic  shape  factor 

(1.00. ..1.2  for  cables  with  circular 
cross-section) 

2 

2 

q  =  dynamic  pressure  -  in  kN/m  , 

1600 

wherein  v  =  wind  velocity  in  m/s 


k.  =  height  factor  for  the  conversion 
of  the  ice  deposition  from  2  m  to 
the  actual  height  (Table  1) 

k,  =  diameter  factor  for  the  conversion 
of  ice  deposition  from  the 
reference  gauge  to  the  actual 
component  (Table  2) . 


This  calculation  corresponds  to  the 
method  proposed  in  lEC  11  (CO)  28. 
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Fig.  1  Ice  deposition  ir.^'  for  a 

recurring  5-year  period,  as  a  function  of 
elevation  and  relative  exposure  to  wind 


i  Type  of  location: 

Conductor 

height  above  ground 

(m) 

1 

2  6 

10 

15  20  25 

30 

40 

SO 

J 

1  nomtal  or  exposed 

1,0  1,5 

1.9 

2.4  2.8  3.1 

3.4 

3.9 

4.2 

1 

I 

(  protected 

1.0  1.3 

1,5 

1,7  1.8  2.0 

2.1 

2.3 

2.5 

1 

J 

Table  1;  k,  factor  (NOTE:  the  location 
refers  to  tne  relative  exposure  to  wind) 


1  Conductor  dia. 

:  (tnjTi) 

1 _ 

1.0 

Ice  deposition  m  ' 
9 

2.0  3.0 

(kg/tn) 

4,0  5.0 

1 

1 

_J 

i 

1  27.0 

1.25 

1.10 

1.05 

1,00 

0.95 

1 

) 

1  21.7 

1.20 

l.OS 

1.00 

0.95 

0.90 

! 

1  15.7 

1.10 

1.00 

0.95 

0.90 

0.65 

1 

;  10.0 

1.00 

0.90 

0.85 

0.60 

0.75 

i 

1  ;.o 

0.80 

0.70 

0.65 

0.60 

0.55 

_J 

Table  2:  factor 


The  base  value  “g’  is  determined  from 
yearly  maximum  ice  deposition  values. 

A  number  of  monitoring  stations  in 
selected  locations  rendered  possible  the 
experimental  determination  oi  the  and 

kj  factors  for  application  to  overhead 
conductors.  For  determination  of  the 
height  factor  ''h  ,  the  average  height  over 
ground  level  is  considered.  This  means 
that  in  the  case  of  aerial  cables  having 
short  spans  (100  m)  the  actual  height  of 
the  cable  suspension  must  be  considered. 
In  the  case  of  long  spans  (500  m)  ,  a 
weighted  mean  value  of  the  difference  in 
height  between  the  suspension  point  and 
the  deepest  sag  must  be  taken  into 
account . 


The  ''d  factor  was  derived  from  measure¬ 
ments  on  1  m  long  conductor  or  aerial 
cable  samples  which  were  anchored  so  that 
they  could  not  rotate.  It  was  recognized  a 
short  time  ago  that  thinner  conductors  and 
cables  which  are  more  easily  twisting  in 
the  span  field  are  more  receptive  to 
heavier  ice  deposition  than  thick 
conductors  of  higher  torsicnal  strength 
which  have  hitherto  been  the  main  subjects 
of  investigation. 

For  a  closer  investigation  of  ice 
deposition  on  aerial  cables  we  installed 
such  a  cable  (15.5  mm  dia.)  in  a  test 
range  on  a  crest  of  the  Erzgebirge 
Mountains  in  East  Germany  at  an  altitude 
of  1,200  m  over  sea  level  during  the 
winter  of  1990/91.  The  installation 
consists  of  a  span  field  of  two  50-m 
lengths.  In  view  of  the  high  frequency  of 
ice  deposits  (an  average  of  70%  of  the 
days  during  the  six  months  cold  period) 
and  their  intensity  it  will  be  possible 
within  the  next  2  to  3  years  to  issue 
specific  statements  with  authoritative 
statistical  value.  Along  with  the  aerial 
Ccible,  an  overhead  AlSt  380/50  (steel- 
covered  aluminum  27  mm  dia.)  conductor  was 
suspended.  The  following  experience  has 
been  gc-ined  from  these  tests: 

D  ice  formation  on  the  aerial  cable  and  on 
the  steel  rope  occurs  more  readily  on 
the  side  exposed  to  the  wind  (Fig.  2a) ; 

D  this  ice  formation,  which  takes  on  the 
shape  of  an  inverted  airfoil,  is  more 
pronounced  on  the  steel  rope  than  on  the 
aerial  cable.  This  is  explained  by  the 
fact  that  the  non-metallic  aerial  cable 
is  twisted  more  easily  than  a  steel 
conductor.  The  leverage  effect  due  to 
gravity  of  the  one-sided  ice  deposit 
causes  the  aerial  cable  to  twist  about 
its  longitudinal  axis.  This  may 

happen,  for  example,  as  a  one-quarter 
rotation  in  the  middle  of  the  span, 
that  is,  less  than  l°/m.  Further  ice 
formation  occurs  on  top  of  the  already 
deposited  ice  (Fig.  2b.).  Thus,  the 
ice  deposition  on  the  aerial  cable 
finally  takes  on  a  near-circular 
cross-section.  This  behavior  is  most 
noticeable  in  the  middle  of  the  span. 

D  icc  diop-off  occurs  when  the  temperature 
rises  above  0°C  and  from  the  influence 
of  the  wind.  The  one-sided  ice  deposit 
on  the  steel  conductor  causes  the  ice  to 
drop  off  sooner  than  on  the  fiber  optic 
cable  with  its  near-circular  ice 
deposit . 
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Aerial  Cable  Construction 


□  data  gathered  up  to  now  for  an  ice  mass 
of  about  1.5  kg/m  yield  an  average  value 
of  0.96  for  the  ratio  of  the  ice  weight 
of  the  AlSt  rope  vs.  the  ice  weight  of 
the  aerial  cable; 

According  to  Table  2  this  ratio  should 
be  about  1.15  because  of  the  smaller 
diameter  of  the  aerial  cable.  The  reason 
for  the  higher  ice  load  on  the  aerial 
cable  is  its  increased  twist,  as 
described  above.  The  ice  load  on  the 
non-metallic  F.O.  aerial  cable  must 
therefore  be  assumed  to  be  20%  higher 
than  for  conventional  overhead  bare 
conductors.  Data  collected  until  now 
provide  this  conclusion  for  Central 
Europe  up  to  elevations  of  about  500  m 
above  sea  level.  The  effect  of  higher 
ice  deposit  on  the  thin  fiber  optic 
aerial  cable  seems  to  be  even 
more  pronounced  at  higher  elevations. 

□  The  sway  of  the  aerial  cable  under 
strong  wind  conditions  has  not  been 
examined  in  detail  until  now.  A  few 
observations  confirm  the  calculated 
values.  A  wind  velocity  of  about  60  km/h 
results  in  a  sway  of  about  50°. 

o  ice  formations  observed  during  the  test 
period  represent  extreme  environmental 
conditions  with  respect  to  locations  at 
elevations  up  to  500  m  above  sea 
level.  No  unusual  effects  have  been 
noticed  on  the  fittings.  Cable  slippage 
or  cable  creep  has  not  occurred  in 
the  fittings. 


The  aerial  cable  which  we  developed  is 
shown  in  Fig.  3.  Its  basic  design  is 
illustrated  in  the  diagram  of  Fig.  4.  The 
number  of  individual  components  and  their 
dimensions  can  be  adapted  to  specific 
requirements . 


Fig.  3  Self-supporting,  non-metallic, 
fiber  optic  aerial  cable 


/  ; 


b)  ice  cable 


Fig.  2  Schematic  representation  of  ice 
deposition 

a)  on  cables  without  torsion 

b)  on  cables  under  torsion 


The  core  consists  of  loose  tubes  each 
containing,  for  example,  two  fibers.  The 
tubes  are  stranded  around  a  central 
strength  member  of  fiber-reinforced 
plastic  (FRP) .  Dummies  replace  unneeded 
loose  tubes.  This  type  of  construction 
assures  that  the  m.aximum  cable  elongation 
encountered  in  operation  does  not  lead  to 
elongation  of  the  fibers.  The  selection  of 
loose  tube  dimensions,  stranding  radius 
and  lay  length  is  such  that  the  required 
fiber  excess  length  is  available  without 
affecting  the  minimum  allowable  fiber 
bending  radius. 
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FRP  central  oeober 

FRP  atrength  nember 
Duflnny 

Loose  tube 

Strength  aeober  (plastic* 
Jacketed  aranld  yarns) 

Polyethylene  Jacket 


Fig.  4  Cross-section  of  a  self- 

supporting,  non-metal 1 ic ,  fiber 
optic  aerial  cable  with  6  fibers 


The  armoring  is  carried  out  in  two 
layers.  The  first  layer  consists  of 
stranded,  plastic- j acketed  aramid  yarn 
elements.  The  second  layer  consists  of 
fiber-reinforced  plastic  flat  profiles 
which  are  stranded  in  opposite  direction 
to  the  first  layer.  They  cover  the  aramid 
element  layer  to  about  70%.  The  two-layer, 
inversely-stranded  strengthening  design 
results  in  torsion  compensation.  It  is  so 
designed  that  the  cable  elongation  remains 
low,  even  at  high  additional  loads.  This 
feature  permits  minimum  sag. 


during  take-up  on  a  reel.  As  a  result, 
there  is  no  increase  in  attenuation  after 
the  cable  is  put  on  a  reel,  even  at  low 
temperatures . 

Design  Examples. 

Table  3  illustrates  two  examples  of 
this  design  for  cables  containing  up  to 
twelve  fibers.  Either  single-mode  or 
multi-mode  fibers  may  be  used.  A  larger 
number  of  fibers  is  possible,  for  example, 
if  larger  diameter  loose  tubes  are  used. 


cable  type 

A 

B 

cable  outer  diameter  (mm) 

13.0 

19.7 

cable  weight  ()cN/km) 

1.45 

3.20 

number  of  fibers 

up  to  12 

up  to  12 

span  (m) 

200 

500 

operating  temperature  (’C) 

-40. , -+70 

-40. . .+70 

min.  bending  radius  (mm) 

130 

200 

brealcing  load  ()cN) 

40 

127 

max.  tensile  load  before 
fiber  elongation  (kN) 

8.5 

42 . 0 

max.  tensile  load  (0.2% 
fiber  elongation)  (kN) 

13 . 0 

1/3  breaking  load  is  limiting  the  tensile  load  to  42kN 


Table  3;  Specifications  of  two  typical 
F.O.  aerial  cable  samples 


The  outer  jacket  consists  of  modified, 
pressure-extruded  hard  polyolefin.  As  a 
result  of  the  gaps  in  the  second  armoring 
layer,  the  material  is  pressed  into  the 
interstices  of  the  first  layer.  This 
results  in  an  interlocking  action  between 
the  jacket  and  the  two  armoring  layers.  In 
the  installed  cable  the  tensile  forces  are 
directly  transmitted  from  the  suspension 
and  span  fittings  through  the  caiblc  jacket 
to  the  strength  members.  The  interlocking 
action  of  the  jacket,  together  with  the 
two  armoring  layers,  is  also  effective  in 
preventing  sliding  or  elongation  of  the 
outer  jacket,  even  in  the  presence  of 
strong  stresses  and  high  temperatures. 

In  general,  self-supporting  fiber  optic 
aerial  cables  exhibit  bad  axial 
compression  resistance.  This  may  lead  to 
increased  attenuation  when  the  cable  is  in 
unloaded  condition,  that  is,  when  it  is 
not  suspended  and  there  is  no  tensile 
force  acting  on  it.  The  cable  presented  in 
this  paper  exhibits  excellent  resistance 
to  axial  compression.  It  is  therefore  also 
suitable,  for  example,  for  use  as  a  short 
drop-off  cable  from  the  aerial  cable 
route,  thus  rendering  unnecessary  a  splice 
box  between  the  buried  cable  and  the 
aerial  cable.  An  additional  advantage  of 
this  compression-resistant  cable  is  the 
fact  that  the  core  is  not  compressed 


Type  A  is  suitable  for  short  to  average 
span  lengths  (200  m)  with  moderate 
additional  loads.  Its  design  tensile  force 
is  8.5  kN.  It  finds  typical  application 
in  the  lowlands  of  Central  Europe  at 
average  span  heights  (average  cable 
height,  for  example,  10  m  above  ground)  . 
These  locations  are  also  classifiable  as 
"not  exposed"  in  accordance  to  Fig.  1. 

For  this  application  we  get  ~g'  =  0.35 
kg/m  from  Fig.  1,  '^h  =  1.9  from  Table  1 

and  '‘d  =  1.05  from  Table  2  (interpolation 
for  a  13  mm  cable  diam.eter)  .  Adding  a  20% 
increase  yields  a  value  for  '^g  =  0.84  kg/m. 
An  equivalent,  uniform  ice  layer  around 
the  cable  would  have  13.5  mm  thickness. 
Under  this  ice  load  the  tensile  load  on 
the  cable  is  7.7  kN. 

At  13  kN,  Type  A  shows  0.2%  fiber 
elongation.  This  means  that  occasional, 
short-term  extreme  loads  up  to  13  kN  do 
not  affect  the  fiber  lifetime  as  long  as 
fibers  with  adequate  screen  test  level  are 
used.  The  increase  in  attenuation  at  13  kN 
is  still  insignificant,  permitting  unin¬ 
terrupted  operation  of  the  cable. 

Type  B  is  suitable  for  very  long  span 
lengths  (500  m)  under  high  additional 
loads;  it  is  designed  for  a  tensile  force 
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of  42  kN.  Its  maximuin  tensile  load  is 
limited  by  the  fact  that  (Eq.  8)  may 

not  be  exceeded.  There  is  no  elongation  of 
the  fibers  up  to  this  level. 

Type  B  can  be  used  in  locations  up  to 
500  m  above  sea  level.  Fig.  1  shows  that 
"3'=  0.5  kg/m  in  places  in  Central  Europe 
up  to  500  m  above  sea  level  (including 
"exposed"  locations) .According  to  Table  1, 
=  2.8  (average  cable  height  over  ground 
level;  20  m) .  Table  2,  through  inter¬ 
polation,  yields  a  value  for  of  1.11. 

Adding  20%,  results  in  a  value  for 
=  1.87  kg/m.  Thus,  Type  B  is  designed 
to  carry  almost  3  times  the  VDE-rated  ice 
load  (Eq.  4)  . 

Tables  4  and  5  list  the  values  of 
tensile  force  and  sag  under  various 
conditions  of  wind  and  ice  loads  for  the 
cable  types  listed  in  Table  3.  The  ice 
load  is  computed  by  Eq.  4  and  the  wind 
load  by  Eq.  5.  '■n,.  is  the  thickness  of  a 

uniform  ice  jacket  corresponding  to  the 
ice  load.  For  both  cables  the  assumption 
is  made  that  the  sag  corresponds  to  1%  of 
the  span  length  at  -5°C  without  wind  or 
ice  load. 


Temp, 

•c 

Wind 

km/h 

Ice 

N/m 

mm 

Tensile  Load 
kN 

Sag 

m 

-5 

0 

0 

0.0 

3.6 

2.0 

-5 

0 

6.3 

11.1 

6.8 

5.7 

-5 

0 

12 , 6 

17.5 

9,4 

7.5 

-5 

0 

18.9 

22.6 

11.6 

8.7 

-5 

60 

6.3 

11 .  1 

7.7 

5.0 

-5 

60 

12.6 

17.5 

10,2 

6.9 

-5 

60 

18.9 

22.6 

12.4 

8.2 

+  5 

120 

0 

0.0 

7.7 

0.9 

Table  4:  Tensile  load  and  sag  of  cable 
type  A  under  various  conditions 


Temp. 

*C 

Wind 

km/h 

Ice 

N/m 

tic. 

mm 

Tensile  Load 
kN 

Sag 

m 

-5 

0 

0 

0.0 

19.6 

5.0 

-5 

0 

7  0 

10.0 

26. 1 

12 . 1 

-5 

0 

14 . 0 

16.4 

32.6 

16.4 

-5 

0 

21.0 

21.6 

38  6 

19.6 

-5 

60 

7  0 

10.0 

27.3 

11.6 

-5 

60 

14 . 0 

16.4 

33.8 

15.9 

-5 

60 

21.0 

21 . 6 

39.7 

19 . 0 

+  5 

120 

0 

0 . 0 

26.7 

3 . 7 

Table  5:  Tensile  load  and  sag  of  cable 
type  B  under  various  conditions 


Type  A  (Table  4)  is  designed  for  a 
single  ice  load,  as  defined  by  VDE,  and 
for  a  wind  load  corresponding  to  a  wind 
velocity  of  120  km/h.  Even  under  a 
combined  load  of  a  single  VDE  ice  load  and 
wind  velocity  of  60  km/h  the  tensile  force 
in  the  cable  remains  below  the  maximum 
allowable  force  of  8.5  kN. 

With  an  ice  load  of  three  times  the 
VDE-rated  value  (even  with  a  wind  velocity 
of  60  km/h)  the  tensile  force  stays  below 
13  kN.  As  mentioned  above,  it  is  therefore 
admissible  for  short  time  periods. 

Cable  type  B  (Table  5)  is  laid  out  for 
triple  VDE-rated  ice  loads,  even  at  60 
km/h  wind  velocity.  Without  ice,  the  120 
kmi/h  wind  velocity  causes  a  load  which  is 
well  below  the  permissible  load.  No  fiber 
elongation  occurs  in  Cable  B  under  the 
stated  wind  and  ice  loads. 

In  both  cables  a  comparison  of  the 
numerical  values  of  tensile  load  and  sag 
at  -40°C  and  -5°C  shows  only  a  slight 
deviation.  The  same  holds  true  for  a 
comparison  at  +60“C  and  +5°C, 

Testing. 

The  results  cf  mechanical  tests  for 
Cable  type  A  using  single-mode  fibers  are 
shown  in  Table  6. 

For  tensile  stiength  tests  the  cable 
was  attached  to  dead-end  spirals  of  the 
same  kind  as  those  used  for  the 
installation.  Fig.  5  represents  the 
tensile  force/elongation  diagram  measured 
on  Cable  Type  A< .  The  cable  shows  a  linear 
elongation  behavior  even  under  low  tensile 
forces.  This  confirms  that  the  strength 
members  are  fully  effective  as  soon  as  the 
cable  is  elongated.  Fiber  elongation 
begins  at  8.5  kN  at  which  point  the  cable 
elongation  has  already  reached  0.4%. 


Tensile  Force  (N) 


Fig.  5  Tensile  force/elongation  diagram 
for  Cable  Type  A  (in  accordance 
with  Table  3) 
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Item 

Test  conditions 

Test  results 

Impact  resistance 
(lEC  794-1-E4) 

impact  energy:  22Nm 
anvil  radius:  12.5mm 
wavelength:  1550nm 
one  impact  at  three  different  pla¬ 
ces  spaced  more  than  500mm  apart 

no  change  in  attenuation  after  impact; 

.10  fiber  breakage; 

no  damage  to  the  jacket  or  cable  elements 

Repeated  berxding 
(lEC  794-1-E6) 

bending  radius:  135mm 
load:  324N 
cycle  duration:  2s 
wavelength:  1550nm 

no  change  in  attenuation  after  500  cycles; 
no  damage  to  the  jacket  or  cable  elements 

Cable  bend 
(lEC  794-1-E11) 

diameter  of  mandrel:  270irm 
number  of  turns  per  helix:  5 
number  of  cycles:  3 
wavelength:  1310  and  1550n.m 

change  in  attenuation  during  the  test  less 
than  O.OSdB; 

no  permanent  change  in  attenuation 

Torsion 
(lEC  794-1-E7) 

length  under  test:  1m 
load:  324N 
number  of  turns:  ±1 
number  of  cycles:  5 
wavelength:  1310  and  1550nm 

change  in  attenuation  during  the  test  less 
than  O.OIdB; 

no  permanent  change  in  attenuation; 
no  fiber  breakage; 

no  damage  to  the  jacket  or  cable  elements 

Tensile  strength 
(lEC  794-1-El) 

length  under  tension:  200m 
fiber  length  under  tension:  400m 
tensi le  load:  13kN 
wavelength:  1310nm 

no  damage  to  the  jacket  or  cable  elements; 
change  in  attenuation  during  the  test  less 
than  0.02dB  (less  than  O.OSdB/km) 

Temperature 
eye  1 i ng 
(lEC  794-1-F1) 

cable  length:  2km 

high  temperature:  +70°C 

low  temperature:  -40‘L 

number  of  cycles:  2 

cycle  duration:  96h  j 

wavelength:  1310  and  1550nm 

maximum  change  in  attenuation  at  both  wa¬ 
velengths;  0.03dB/km 

Crush  resistance 
(lEC  794-1-E3) 

length  under  pressure:  100mm 
load:  5000N  (=  50kN/m) 
duration  of  load:  15min 
wavelength:  1550nm 

change  in  attenuation  during  the  test  less 
than  O.OSdB; 

no  damage  to  the  jacket  or  cable  elements 

Breaking  load 

length  under  tension:  8m 
anchoring:  protection  and  dead  end 
spi rals 

breakiny  load:  40kN 

Fitting  creep 

length  under  tension:  8m 
anchoring:  protection  and  dead  end 
spi rals; 

temperatures:  -40‘’C,  +20'’C,  +60*0 
load:  20kN,  30min 

no  slippage  of  the  spirals 

Long-term  span 
test 

length  under  test:  160m 
anchoring:  protection  and  dead  end 
spi rals; 

load:  1/3  breaking  load,  1  yr 

no  change  in  attenuation; 
no  slippage  of  the  spirals 

Vibration  test 

length  under  tension:  30m 
number  of  cycles:  10° 
anchoring:  protection  and  dead  end 
spirals,  supporting  fitting; 

no  damage  to  the  jacket  or  cable  elements 

Table  6:  Test  conditions  and  results  for  Cable  type  A 
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An  increase  in  the  attenuation  is  not 
noticed  until  fiber  elongation  occurs.  At 
13  kN  the  increase  in  attenuation  is  less 
than  0.05  dB/km  (Table  6).  The 
experimentally-determined  breaking  load  is 
40  kN  (Table  6).  A  one-year  span  test 
using  a  160  m  length  of  cable  with  a 
tensile  load  equal  to  1/3  of  the  breaking 
load  was  conducted.  No  change  in 
attenuation  was  measured.  No  sliding  or 
creeping  of  the  fittings  was  noticed. 

The  results  of  additional  tests  are 
shown  in  Table  6. 

Installation. 


The  installation  of  the  cable  presented 
in  this  paper  utilizes  conventional 
fittings  that  are  in  common  use  in  aerial 
cable  construction.  Fig.  6  shows  the  dead¬ 
end  spiral  (a)  and  the  supporting  fitting 
(b)  .  The  manufacturer  matches  the 
dimensions  of  these  components  to  the 
particular  diameter  of  the  cable  to  be 
used. 


Fig.  6a  Dead-end  spiral  for  the  F.O. 
aerial  cable 


Fig.  6b  Supporting  fitting  for  the  F.O. 
aerial  cable 


Conclusion. 


The  design  for  self-supporting,  non- 
metallic  fiber  optic  aerial  cables 
presented  in  this  paper  suitable  for  short 
and  very  long  span  lengths  (500  m) 
fulfills  all  requirements;  ability  to 
carry  high  mechanical  load,  complete  fiber 
protection  through  adequate  excess  length 
and  excellent  resistance  to  axial 
compression,  firm  transfer  of  forces 
between  the  anchoring  components  and  the 
strength  members  in  the  cable,  without 
slippage  or  elongation  of  the  outer  jacket 
and  without  slippage  or  creeping  of  the 
fittings.  Single-mode  fibers  (also  in  the 
1550  pm  wavelength  range)  and  multi-mode 
fibers  may  be  used.  We  examined  the  ice 
load  which  is  the  most  significant 
additional  load  in  the  design  of  aerial 
cables  and  we  quantified  it  for  Central 
European  locations  up  to  500  m  above  sea 
level.  Tests  of  manufactured  cables  show 
excellent  results.  The  installation  calls 
for  standard  fittings  for  conventional 
overhead  lines  which  permit  simple  and 
rapid  installation. 
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ABSTRACT 

There  are  two  main  approaches  to  route  switching  of 
fiberoptic  cables  installed  on  power  distribution 
lines:  (1)  removal  of  a  unit  length  (between  joint 
closures)  of  cable  from  the  existing  route  and  its 
relocation  to  the  new  route,  a  method  which 
realizes  efficient  re-use  of  existing  fiber 
cables,  and  (2)  preinstallation  of  a  fiber  cable 
along  the  new  route  before  removal  of  the  existing 
cable,  a  method  which  minimizes  interruption  of 
service.  Each  approach  has  its  ot«n  advantages  and 
disadvantages.  Using  a  temporary  fiberoptic 
bypass  cable  for  the  purpose  of  such  rerouting,  we 
are  able  to  realize  the  advantages  of  both 
approaches.  It  can  also  be  used  as  a  temporary 
bypass  during  cable  failure.  It  is  a  thin,  light, 
non-metallic,  6-fiber  cable  (outer  diameter:  6  nrt, 
weight:  30  kg/km)  with  multi-fiber  connectors  at 
both  ends.  with  the  need  for  repetitive  use  in 
mind,  installation  and  withdrawal  methods  were 
investigated.  The  required  equipment  and  tools 
(reels,  carriers,  joint  boxes,  sheaves,  cable 
clamps,  and  portable  winches)  were  developed  and 
the  feasibility  of  the  overall  system  was 
demonstrated  through  field  tests. 

1,  Introduction 

Regarding  optical  transmission  lines  installed  on 
power  distribution  lines  of  electric  power 
companies  in  Japan,  it  is  increasingly  necessary  to 
change  the  routing  of  these  lines  because  of  the 
rerouting  of  electric  poles.  There  are  two 
approaches  to  route  switching  of  fiberoptic 
cables:  (1)  removal  of  a  unit  length  (between 
joint  closures)  of  cable  from  the  existing  route 
and  its  relocation  to  the  new  route,  and  (2) 
preinstallation  of  a  fiber  cable  in  the  new  route 
prior  to  remaval  of  the  existing  cable.  These  two 
approaches  selected  according  to  the 
requirements  of  i dividual  cases. 

In  the  first  method,  fiberoptic  cable  can  be 
effectively  utilized,  but  the  line  is  out  of 
service  for  a  considerable  time,  usually  1-2 
days.  On  the  other  hand,  with  the  second  method, 
interruption  of  service  is  shorter,  but  re¬ 
utilization  of  the  removed  fiberoptic  cable  is 
seldom  realized. 

To  overcome  the  disadvantages  of  these  two  methods, 
the  most  effective  approach  seems  to  be  the 
modification  of  the  first  method;  namely,  a  trans¬ 


portable  bypass  cable  (hereinafter  referred  to  as 
“temporary  fiberoptic  cable”)  is  temporarily 
installed  during  removal  of  the  existing  fiber 
cable  and  its  reinstallation  along  the  new  route. 
By  such  procedure,  route  swit being  and  instal¬ 
lation  work  can  be  carried  out  more  flexibly. 

Such  temporary  fiberoptic  cable  can  also  be  used 
for  the  restoration  of  service  after  emergencies  in 
which  the  existing  fiberoptic  cable  system  is 
damaged  due  to  natural  calamities,  fire,  etc. 

Based  on  the  above  background,  the  authors 
developed  temporary  fiberoptic  cable  and  the 
equipment  and  materials  necessary  for  its 
installation.  Such  cable  can  contribute  to  the 
shortening  of  service  interruption  consequent  with 
route  switching  of  fiberoptic  cable  system  and  to 
the  effective  utilization  of  fiberoptic  cables. 
This  cable  can  also  be  used  for  emergency 
restoration. 

2,  Procedures  and  materials  for  the  system 

Table  1  summarizes  the  process  of  work  involved  in 
the  newly  developed  transportable  aerial  fiber¬ 
optic  cable  system  and  the  material  to  be  used  in 
each  of  these  processes. 

3.  Temporary  fiberoptic  cable 

3-1  Structure  of  temporary  fiberoptic  cable 

Handling  and  maneuverability  in  transport, 
installation  and  withdrawal  are  very  important 
factors  for  temporary  fiberoptic  cable,  and  the 
cable  must  be  lightweight  and  small  in  diameter. 
The  cable  is  designed  to  weigh  30  kg /km  or  less 
based  on  the  necessity  of  transportability  and 
working  efficiency  assuming  a  unit  length  of  about 
1.000  m.  Single-mode  (SM)  6-fiber  is  employed  in 
this  fiberoptic  cable  so  that  the  existing  line 
presently  in  use  can  be  covered. 

For  stringing  of  the  fiberoptic  cable  to  overhead 
distribution  poles,  selt-supporting  type  cable 
with  messenger  wire  (MW)  is  conventionally  used  or 
round  cable  is  suspended  on  the  MW,  which  has  been 
pulled  into  place  in  advance.  The  former  approach 
is  inferior  to  the  use  of  round  cable  in  terms  of 
weight  and  handling  efficiency,  while  the  latter 
method  is  not  suitable  for  simple  and  quic): 
installation. 
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Table  1.  work  processes  and  materials 


(Work  processes) 


Pall  ing 

Mounting  of  sheaves  and 
traction  rope 

Cable  pulling 

1 

Tension,  clamping 

Tensioning  and  clamping 
of  cable 

1 

1 

Jointing 

.Mounting  of  excess 
length  of  cable 

Connection  with  the 
existing  cable  immedi¬ 
ately  after  cutting  it 

1  Main  restoration 
t  ( existing  cabie ) 

Removal  of  the  existing 
cable  and  its  reinstal- 
lation  with  regular 
joint  along  tne  new  route 

1 

Withdrawal 

Withdrawal  and  winding 
of  cable 

(Materials  and  equipment) 

Traction  rope  used  to  puli 
cable  (wound  on  reel) 
Cable  [with  connectors  at 
both  end;  wound  on  reel) 
Reel  carrier 

I  Sheaves  with  fixing  band 
Capstan  &  winding  drum 


clamp 


Reel  hanger 
Suspension  hardware 
Field  assembly  type 
connector 
Joint  box 


Capstan  &  winding  drum 
Auxiliary  rope  for 

applying  back>ten&ion 
Rod  for  removal  of 
fixing  band 


As  the  simplest  aerial  installation  method,  we 
decided  to  clamp  the  round  cable  directly  onto  the 
eieefne  pole  without  MW;  the  round  cable  was 
designed  under  the  assumption  that  it  would  be  used 
for  a  short  period  (less  than  about  erne  week). 

Refund  cable  must  be  small  in  diameter  and  as 
lightweight  as  practical,  and  fiber  elongation 
must  he  0.3"  or  less  under  the  condition  of  a 
maximum  span  of  lb  m,  an  initial  dip  of  0.r>  -  1  m 
and  a  maximum  wind  velocity  of  20  m/s.  Thus,  the 
round  cable  having  the  structure  shown  in  Fig.  1 
was  adopt,  ed . 


Coated  optical  fiber 
( d  0.9  mm ) 
Strength  member  yarns 

Warpping  tape 

Polyurethane 
(orange ) 


rig.  1  Structure  of  teoiporary  fiberoptic  cabie. 
(6-£iber  nonmetellic  type;  outer  die.. 

6  mil;  weight.  30  hg/Km) 
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This  cable  does  not  contain  a  hard  tension  member 
such  as  steel  wire  or  FRP  at  the  core  and  is  fully 
flexible  and  highly  resistant  to  lateral  pressure. 
Highly  wear-resistant  polyurethane  was  adopted  as 
sheathing  to  insure  endurance  with  repeated  use  of 
the  cable.  Orange  was  used  as  the  color  of  the 
sheath  to  facilitate  e£isier  identification  of  the 
cable  for  temporary  use. 

1-2  Characteristics  of  temporary  fiberoptic  cable 

Mechanical  and  temperature  characteristics  of 
temporary  fiberoptic  cable  were  evaluated, 

(1)  Mechanical  characteristics 

Temporary  fiberoptic  cable  has  satisfactory 
mechanical  characteristics  for  normal  operation  as 
shown  in  Table  2.  The  results  of  tensile  tests  of 
cable  is  shown  in  Fig.  2. 

(2)  Temperature  characteristics 

Heat  cycle  testing  was  performed  for  the 
temperature  range  of  -30  to  60”C.  Results  showed 
the  change  of  transmission  loss  to  be  lower  than 
0.01  dB/km  (measured  wavelengtht  1.3  iimj. 

3-3  Applicability  to  herial  Installation 

In  order  to  define  the  application  conditions  when 
temporary  fiberoptic  cable  is  installed  on 
overhead  distribution  lines  without  using 
messenger  wire,  dip  was  calculated.  One  example  of 
the  results  is  shown  in  Table  3. 

The  results  of  dip  calculation  reveal  that,  in  case 
cable  is  i.nsta'ied  with  an  initial  dip  of  n.5  -  i  m 
over  a  maximum  span  of  75  m,  fiber  elongation  at  a 
wind  velocity  of  20  m/s  is  0.20  -  0.25*,  and  dip  is 
1.5  -  1.9  m.  The  cable  can  be  used  for  wind 

velocity  at  this  value  or  lower. 

4,  Method  of  cable  lointinq 

b 

4«1  Connection  between  temporary  fiberoptic 
cables 


Temporary  fiberoptic  cables  are  mutually  connected 
and  extended  vben  necessary  according  to  the 
section  length,  and  thus  easy  connection  at  site  is 
deslrab le. 

Accordingly,  a  waterproof  6-fiber  connector  (plug) 
was  mounted  at  the  cable  terminal  so  that  the  cable 
could  be  connected  at  the  adaptor  by  a  single 
action.  A  general  connection  loss  value  of  a  6- 
fiber  connector  is  0.7  dB  or  lower  (SM  type). 

4-2  Connection  with  the  existing  fiberoptic  cable 

It  is  necessary  to  provide  a  means  for  connecting 
the  ends  of  the  temporary  fiberoptic  cable,  to  each 
of  the  fiberoptic  cores  of  the  existing  fiberoptic 
cable.  For  this  purpose,  a  joint  box,  as  shown  in 
Fig.  3,  was  adopted.  Employing  a  built-in 
receptacle,  the  6-fi)er  connector  of  the  temporary 
fiberoptic  cable  is  separated  into  single  core 
cords,  and  single  core  connectors  are  mounted  at 
the  tips.  At  the  installation  site,  field  assembly 
type  ct)nncctt>rs  requiring  neither  polishing  nor 


Table  2  Mechanical  characteristics  of  teaporary 
fiberoptic  cable 


Item 


Tensile 

perfori»ence 


Crusn 


Mendrel 

winding 


lepact 


Torsion 


Squeering 


Test  conditions 


Bffi  , 

T  — c:  ■  _ ^  T 


T  =  0  -  200  kgf 


yr  ■ 

Plate  plate  ^0  mm  wide 


Mouod  5  turns 


Im 


A  cylinder(2)iMi  in  dia.) 
is  dropped  onto  10 
diHerent  spots. 


im 


A 


w-5kj 


135* 

R«Z50mm 


5  cecjprooai  actions 


Test  results 


Aa  =  0 

Relation  between 
tcnsio'i  and 
elongation:  Pig.  ? 


Up  to  W  -  200  kg: 
ta  -  0 

H  500  .9: 

Aa  =  0.01  dfl 


Loss  increase  when 
d  =  60  mm  or  less 


W  -  1  kg:  s  0 

W  s  1 .5  kg: 

Sheatn  cem&ged 


turns. 1  m 
Ao  »  0 


Up  to  W  s  60  kg: 

Aa  s  0 

H  ■  100  kg: 

Aa  §  0.5  OB 
After  test: 

Aa  =  0 


Aa :  Total  transmission  loss  increment  with  6- 
fiber  loop  connection  [dBj  (wavelength.  1.3  uirt) 


1.0 


c 

o 

•eg 

<3 

r- 

c 

o 

UJ 


*  Cable  elongation 
0  8  -  •  Fiber  elongation 


0  100  200  300 


Tension  ikgf) 


rig.  2  Results  of  tensile  tests  of 

cable  (Relation  between  tension 
and  elongation) 
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Table  3.  Results  of  dip  calculation  for  temporary  fiberoptic  cable 


Span 
( m] 

Initial 
dip  (m) 

ion 

Item 

Initial 
stage 
(no  wind) 

wind  velocity 

10  m/s 

Dip  (m) 

0.50 

0.73 

“ 

1.53 

42.2 

46.1 

70.4 

Fiber 

elongation  (%) 

0. 15 

0. 16 

0.25 

Dip  (m) 

1.00 

1.22 

1.90 

1.0 

Tension  (kgf) 

21.1 

27.7 

56.6 

Fiber 

elongation  [%) 

0.0? 

0. 10 

0.20 

adhesive  are  mounted  on  the  fiberoptj.c  cores  of  the 
existing  cable  and  are  connected  to  the  single  core 
connectors.  This  type  of  field  assembly  connector 
car.  be  used  repeatedly,  and  general  connection  loss 
Is  l.O  dB  or  less  (SM  type;  with  index  matching 
material ) . 

By  adopting  such  a  connecting  methods,  it  is 
possible  to  separately  execute  connection  with  the 
existing  fiberoptic  cable  and  pulling  of  temporary 


fiberoptic  cable.  Accordingly,  work  etticiency  is 
improved,  and  work  time  is  also  shortened  because 
both  operations  can  be  performed  in  parallel. 

Considering  the  future  increase  in  fiber  count  of 
existing  fiberoptic  cable,  two  6-fiber  receptacles 
are  placed  in  the  joint  box.  By  installing  two 
lines  of  temporary  fiberoptic  cable,  an  existing 
cable  with  up  to  12  cores  can  be  connected. 


Single  core  cord 


Main  unit  box 


6-core  multi-fiber 
receptacle 


SC  connector 


Pig.  3  Joint  box  with  existing  fiberoptic  cable  (for  12>fiber  connection) 
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Connection  loss  of  temporary  fiberoptic  cable  and 
the  existing  fiberoptic  cable  (maximum  value)  is  as 
follows;  0.7  dB  (6-fiber  connector)  +  1.0  dB 
(field  assembly  type  connector)  =  1.7  dB  per  joint 
box;  3.4  dB  (SM  type)  at  both  ends.  Because  the 
transmission  loss  of  the  cable  itself  is  almost 
offset  between  the  existing  fiberoptic  cable  and 
temporary  fiberoptic  cable,  the  maximum  line  loss 
margin  due  to  the  application  of  temporary 
fiberoptic  cable  is  3.4  dB  ♦  0.7  dB  x  n  (n:  the 
numbner  of  connections  between  temporary 
fiberoptic  cables), 

4-3  Mechatucal  characteristics  of  cable  terminal 
connector 


Mechanical  test  for  tension,  bending  (60  mm  dia.,* 
tlSO"’)  and  twisting  (to  turns/1  m)  were  performed 
on  a  sample  of  temporary  fiberoptic  cable  mounted 
with  a  6-core  multi-fiber  connector.  As  a  result, 
satisfactory  characteristics  were  obtaind  and 
there  was  axmost  no  change  in  transmission  loss. 

Particularly,  in  tension  testing,  the  application 
of  the  tension  of  0  —  60  kgf  (maintained  for  one 
minute)  was  repeated  10  times  with  no  increase  in 
loss.  This  reveals  that  the  connector  end  can  be 
directly  pulled  if  the  pulling  tension  in  the  field 
IS  60  kgf  or  lower. 

5.  Method  of  installation  and  materials 


Most  of  the  new  routes  resulting  from  rerouting  of 
electric  poles  are  along  roads.  Because  route 
switcJiing  may  also  be  carried  out  in  cities. 


special  rare  should  be  taken  that  the  cable 
installation  does  not  hinder  or  interfere  with 
vehicle  or  pedrestrian  traffic  nor  with  conditions 
around  buildings.  Furthermore  preparations  should 
also  be  made  tor  quick  restoration  in  case  of 
natural  calamities,  accidents,  etc.  Taking  these 
factors  into  account,  a  method  installation 
procedures  and  necessary  materials  and  equipment 
have  been  developed. 

5-1  Cable  installation  method 


( 1 )  Pull inq 

For  tlie  pulling  of  temporary  fiberoptic  cable,  a 
method  suitable  for  the  work  of  1  crew  (4-5 
persons)  and  for  convenient  traffic  safety  has  been 
adopted.  It  is  the  same  method  of  fixed  carrier 
aerial  pulling  as  employed  in  the  conventional 
method.  (Cable  supply  side  is  fixed,  and  the  tip  of 
the  Cable  is  pulled  through  sheaves  on  top  of  the 
pole.  ) 

T^porary  fiberoptic  cable  is  wound  on  an  aluminum 
reel  and  this  is  mounted  on  a  carrier  for  easy 
transport  and  paying  out. 

In  fixed  carrier  aerial  pulling,  as  shown  in  Fig. 
4  (a),  the  multi-fiber  connector  of  temporary 
fiberoptic  cable  is  directly  pulled  with  using  a 
traction  rope  by  a  transportable  winding  drum  (See 
5-2).  In  case  cable  on  two  or  more  reels  is 
installed,  it  is  continuously  pulled  by  means  of 
multi-fiber  connectors.  After  pulling,  the 
connector  joint  is  left  on  the  span  as  is. 


Existing 
f iberopt ic 
cable 


Closure 


Temporary 
f iberopt ic 
cable 


Traction  rope 
for  pulling 
cable 

Closure 


Capstan 


Pulling  sheave  6-core  multi- 

fiber  connector 
joint 


6-core  multi- 
fiber  connector 
pulling  end 


Winding  drum 


Exist ing 

fiberoptic 

cable 

Joint  box 


6-core  multi-fiber 

connector  Cable 


Ftir  S-6  spans  (  300  m) 


6-core  multi- 
fiber  connector 


Existing  cable 


Pulling  she  1  VC  Tempt  rary 

(with  cable  free)  fiberoptic;  cable 


6-c'ore  mult  i-f  iber 
<■  txmwioT  joint 


(b)  After  installation 

Fig.  4  Installation  SMSthod  for  temporary  fiber(H>ffc  cable  (fixed  carrier  aerial  pulling) 
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As  sheaves  for  pulling  to  be  mounted  on  each 
electric  pole,  the  sheaves  suitable  tor  srr.all 
diameter  cable,  as  shown  in  Fig,  o,  have  been 
developed.  They  are  connected  with  easily 
removable  or  attachable  fixing  bands  on  electric 
pole . 

(2)  Tensioning 

To  increase  work  efficiency  and  shorten  work  time, 
tensioning  of  the  cable  after  pulling  by  fixed-type 
carrier  is  performed  for  every  5  -  6  spans  (approx. 
300  m)  as  shown  in  Fig.  4  (0),  and  no  processing  of 
the  intermediate  clamp  is  performed-  (Cable  is 
left  in  a  free  condition  within  the  pulling 
sheave . ) 

In  case  the  cable  is  installed  for  a  short  section 
by  the  moving  carrier  method  emergency 
restoration,  pulling  and  tensioning  are  carried 
out  for  each  span  (Fig.  6).  When  the  cable  clamp  is 
mounted  on  each  pole,  the  pullirtg  sheave  (Fig.  S) 
to  be  used  at  withdrawal  is  mounted.  Therefore, 
the  difference  between  fixed  carrier  and  m<n'ing 
carrier  aerial  pulling  after  installation  is  only 
the  difference  between  multiple  span  single 
tensioning  or  single  span  tensK.-nina,  and  the 
equipment  and  materials  used  are  the  same. 

Tensioning  is  performed  by  adjusting  the  dip  at  0.'"' 


-  l.G  m  according  spari  length  (50  -  75  m)  so  that 
tensioning  can  be  carried  out  manually. 

For  clamping  of  the  cable,  special  care  should  be 
taken  witn  regard  to  fiberoptic  characteristics 
(increase  of  upticai  loss  due  t..  oendina  and,  or 
lateral  pressure).  As  shown  in  Fig.  7,  a  wedge  type 
clamp  has  been  developed,  which  clamps  fiberoptic 
cable  over  its  total  periphery  by  a  single  action. 

(J)  Mounting  of  excess  length  of  cable. 

In  case  the  length  of  temporary  fiberoptic  cabie  is 
iof.ger  than  the  length  of  the  route  to  be  instal¬ 
led.  the  excess  length  ■jf  cable  left  in  the  reel 
after  pulling  and  tensioning  is  fixed  on  tt.e  pole 
using  reel  hanger  to  prevent  accidents. 

(4)  Connection  with  the  existing  cable. 

After  the  installation  of  temporary  fiberopLxC 
cable  IS  completed  (or  in  parallel  with  the 
installation  of  temporary  fiberoptic  cable),  the 
existing  fiberoptic  cabie  is  cut  near  the  closure 
at  both  ends,  and  the  cabie  is  connected  (mcunting 
*'f  field  assembly  type  connector)  using  a  30int 
box.  Then  the  loint  box  is  mounted  on  the  pr>le,  and 
the  t.-core  niulti-fiber  connector  of  the  temporary 
fiberoptic  cable  is  inserted  into  the  receptacle  of 
the  joint  box.  Thus,  the  line  connection  ter  the 
temporary  cable  is  completed.  (See  Fig,  4(b)) 


Separator  Fixing  band 


Fig.  b  Fulling  sheave  sith  fixing  band 


Cable  clamp 


Fig.  6  Installation  of  ten^rary  fiberoptic  cable  (moving  carrier 
method;  single  span  tensioning) 
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Fig.  7  Cable  claap  (wadge  type) 


5-2  Withdrawal  of  cable  The  cable  thus  removed  is  continuously  taken  up  on 

the  reel  mounted  on  the  winding  drum.  For  this 
After  the  regular  splicing  (closure  joint)  of  the  purpose,  a  transportable  capstan  1  winding  drum 

fiberoptic  cable  has  been  completed  on  the  new  capable  of  being  set  and  controlled  at  the  required 

route,  the  temporary  fiberoptic  cable  must  be  re-  speed  and  torque  has  been  newly  developed, 

moved.  To  remove  and  withdraw  the  temporary  Further,  as  shown  in  Fig.  8  and  Fig.  9,  a  new  system 

fiberoptic  cable,  the  cable  clamps  are  opened,  the  has  been  adopted  to  facilitate  well-aligned 

pulling  sheaves  used  for  the  intermediate  winding  so  that  direct  load  is  not  applied  to  the 

suspending  are  utilized,  and  aerial  traction  is  take-up  reel  by  the  driving  capstan  mounted  on  the 

performed.  In  this  case,  to  prevent  cable  sag,  pole, 

auxiliary  rope  for  withdrawing  the  cable  is  mounted 

on  the  rear  end  of  the  cable,  and  back  tension  is  After  cable  withdrawal,  the  sheave  can  be  removed 

applied,  hy  pulling  the  detachable  ring  mounted  on  the 

fixing  band  from  the  ground  using  a  removal  rod. 


Winding  drum  hac'K-rrnsitin 

Fig,  8  Withdrawal  of  temporary  fiberoptic  cable 
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Fig.  9  Take-up  of  ten^rary  fiberoptic  cable 
(capstan  fc  winding  drum) 


6.  Vorification  by  fieid  tests 

6’>1  Verification  <pf  installation  and  withdrawal  of 
cable 

To  verify  the  work  efficiency  of  Instaiiation 

and  withdrawal  for  long  distance old  tests  were 
performed.  On  a  distributio-  of  aoout 

m,  temporary  fiberoptic  cab  .•  ^0  m  2  reels) 

was  used,  and  pulling,  rr,,;5ioning  and  withdrawal 
were  performed. 

As  a  result,  ail  -yerations  could  be  carried  out 


sf-.* ■•■t fi  1 V  .1.-  .--.r.  'Wri  in  Table  4.  It  has  been  confirmed 
by  TL'R  tb.ijt  tnere  was  no  sign  <jf  abnormal 
t  ti-*risr:.iss  1'  r,  I  -ss  'it  fiberoptic  cable  after 
puiiin  i,  tens  i<.. 'ling  and  withdrawal. 

Ftii  cheeking  tr»e  reliability  c:f  cable  clamping,  the 
cabio  was  clamped  on  the  poles  and  left  for  3 
montris;  it  showed  no  sign  of  abnormaiity. 

The  c<.;nditions  of  tfie  field  test  art  stimmarized  in 
Figs,  lu  to  13. 


Pig.  10  Paying  out  of  tamporary  fiberoptic  cable 
(when  pulling) 


Table  4  •  The  results  of  field  tests 


i 

1  Operation 

Test  results 

I  1.  Mounting  of  traction  rope 

1  and  sheave  for  pulling 

-  Time  required:  30  min./l,30C  rr. 

(4  workers) 

1  2 .  Cable  pulling 

( 800  m  X  2  reels ; 
continuous  pulling) 

-  Pulling  speed;  40  -  50  m/mij). 

-  Pulling  tension:  an  average  of  20  k-gf 
( 30  kgf  max, } 

3,  Cable  tension  and 
clamping 

-  Tension:  approx.  10  kgf 

-  Time  required-  approx.  40  min./ 

1.300  m  (2  workers) 

4.  Withdrawal  and  winding 
of  cable 

-  BaeJt  tension;  5-  10  kgf 

-  Withdrawal  speed;  approx.  30  m/min. 

Time  required: 

Removal  of  cable  clamp; 

approx.  20  min. /I, 300  m 

Cable  withdrawal: 

approx.  60  min. /I, 300  m 

b.  Removal  of  pulling  sheave 
(operated  and  withdrawn 
from  the  ground) 

-  Time  required; 

approx.  30  sec. /point 
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Typ« 

of  work 

work  tin.e  j 

.  Cob Jo  end  preparation 

1 

7  min .  j 

(jacket  removing  of  existing 

tiberoptic  cable) 

Cci'.r.ect  ion  with 

-  Mounting  of  field  assembly 

exist  ;rjoi  ooble 

type  connector,  accommodotion 

30  r.in. 

v'ii.t  L.'xi 

of  excess  length  of  fiber 

(5  min. /core  *  coros)! 

1 

■ 

-  Mounting  of  joint  box,  coiling 

i 

i 

I 

of  excess  length  of  existing 

10  min.  ! 

fiberoptic  cable  and  fixing 

j 

excess 

“  Mounting  of  reel  hanger 

7  min. 

length  of  temporary 

fiberoptic  cable 

'  Mounting  of  reel  on  polo 

8  min. 

- 1 

Total 

62  min. 
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:q.  14  shows  the  mountiriQ  conditions  of  such  a 

.  int  box  and  excess  length  of  cable  (reel). 


Fig,  14  Mounting  conditions  of  joint  box  and 
excess  length  of  cable  (reel). 


7,  Conclusion 

In  order  to  facilitate  the  route  switc.hing 
operation  of  fiberoptic  cable  for  distribution 
line  associated  with  the  rerouting  of  electric 
poles,  lightweight  6-core  nonmetallic  type 
fiberoptic  cable  with  a  small  diameter  has  been 
developed  as  temporary  bypass  cable.  Also,  under 
the  assumption  that  this  cable  would  be  repeatedly 
used,  technical  methods  and  materials  and 
equipment  for  simple  and  quick  installation  of  this 
cable  have  been  developed.  This  lightweight, 
compact  and  transportable  fiberoptic  system  is 
character ized  by  high  work  efficiency  and  by  aerial 
pulling.  It  can  be  widely  applied  for  distribution 
lines  in  various  areas  including  cities. 
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1.  Abstract 

Optical  fibre  aerial  cables  have  been 
constructed  for  nearly  15  years.  By  a  new 
technology  fibres  can  be  inserted  into  a  tube  of 
high  quality  stainless  steel  and  this  fibre  filled 
tube  substituted  for  an  element  in  a  metallic 
ground  or  phase  wire. 

The  thus  created  new  aerial  cable  changes  in  its 
mechanical  characteristics  only  unimportantly. 
With  these  cables  the  individual  fibre 
characteristics  are  most  important  in  order  to 
avoid  any  degradation  of  the  attenuation 
performance  of  the  fibre.  The  fibre  MAC  number 
which  determines  the  macrobending  characteristic 
of  the  fibre  is  an  essential  criterium  for  the 
selection  of  fibres  for  such  cables. 

Construction,  test  and  first  field  experiences 
will  be  reported. 


2.  Introduction 

The  transmission  technique  of  optical  fibres 
in  self  supporting  aerial  cables  is  of  great 
interest  for  power  utilities.  The  t''ansmission 
tasks  such  as  data  transmission,  ISDN  and 
protection  signals  are  more  and  more  digital. 
Moreover  with  this  transmission  medium  no 
electromagnetic  interference  occurs  and  the 
broadband  characteristics  of  the  optical  fibres 
together  with  the  low  attenuation  allows  fast  data 
transmission,  an  enormous  increase  of  available 
transmission  channels,  and  long  repeater  spacing. 
This  contribution  describes  a  new  generation  of 
self  supporting  optical  fibre  aerial  cables. 

The  first  optical  fibre  aerial  cable  was  installed 
in  1978  on  a  110  kV  line.  This  metal  armoured 
aerial  cable  consisted  of  3  star  quads  and  2 
optical  fibres.  This  1.6  km  long  length  was 
installed  in  two  pieces  at  the  lower  traverse  of 
the  towers.  Since  that  time  this  route  is  in 
service  without  any  difficulties.  In  further 
projects  double  armoured  aerial  cables  were 
further  installed  on  20  kV  up  to  380  kV  lines. 

Totally  dielectric  self  supporting  aerial  cables 
were  installed  since  the  beginning  of  the  ’80's  on 
20  kV,  and  since  1984  on  high  tension  towers  up  to 
380  kV.  Even  if  the  optical  transmission 


characteristics  are  unchanged  under  all 
environmental  conditions,  there  is  only  little 
future  for  those  cables  because  the  outer  sheath 
of  such  cables  is  destroyed  over  time  in  the  case 
of  high  voltage  lines. 

Therefore,  since  1986  some  hundred  kilometre  of 
optical  fibre  aerial  cables  with  metallic 
armouring  are  laid  annually  in  the  network  of  the 
German  power  utilities. 


Fig.  1  Installation  of  Self  Supporting  Optical 
Aerial  Cable 
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Fundamental  to  the  cable  technology  for  the 
described  here  new  ground  wire  with  optical  fibres 
are  the  requirements: 

tne  same  diameter  as  the  corresponding  ground 
wire  (ice/windload) 

°  the  same  weight  as  conventional  ground  wire 
(pylon  stress) 

This  is  achieved  by  the  introduction  of  a  metal 
loose  buffer  for  up  to  12  optical  fibres  with  a 
diameter  adapted  to  that  of  the  other  wires  of  the 
aerial  cable.  For  this  aerial  cable  design 
technical  data  for  elongation  under  tension  as 
well  as  fibre  reserve  and  fibre  benaing  radius 
issues  are  discussed.  It  is  shown  that  for  this 
type  of  cable  construccicn  the  fibre  MAC  number, 
which  characterizes  the  fibre  macrobending 
sensivity,  is  a  critical  parameter  for 
transmission  at  1550  nm.  The  MAC  number  technique 
is  shown  valid  for  depressed- inner-clad  fibre. 


3.  Self-Supporting  Optical  Aerial  Cable 
Construction 

Self-supporting  aerial  cables  with  optical 
fibres  are  nowadays  the  backbone  of  the 
communication  networks  of  German  and  other  power 
utility  companies.  Optical  fibres  used  in  aerial 
cables  are  mostly  single  mode  fibres  with 
attenuation  0.36  dfi/km  at  1310  nm  and  0.25  dB/km 
at  1550  nm  in  cable,  i.e.  double  window  fibres. 
These  single  mode  fibres  are  designed  for 
1300  nm  use.  The  dispersion  is  lower  than 
3.5  ps/(nm  x  km)  between  1280  nm  and  1320  nm. 
The  cables  are  metal  armoured  with  a  first  layer 
of  aluminium  alloy  (aldrey)  and  aluminium  cladded 
steel  (stalum)  wires  and  a  second  layer  of 
aluminium  alloy  wires  in  order  to  fullfil  their 
grounding  function.  They  are  installed  like  normal 
conductor  wires  (Fig.  1). 

Optical  aerial  cables  have  to  be  designed  such 
that  while  operating  over  a  wide  temperature  range 
(-30®C  ...+60‘’C),  and  under  large  load,  for 
example  ice,  the  fibres  within  the  cable  are  kept 
free  from  microbending,  macrobending  and 
elongation  which  would  increase  attenuation  and 
reduce  lifetime  of  the  fibres.  The  best  way  to 
prevent  the  optical  fibres  from  mechanical  stress 
is  to  give  them  enough  space  for  free  movement. 
Therefore,  the  loose  buffer  technique  is  favoured. 
Depending  on  the  total  number  of  fibres  required 
for  a  cable  up  to  12  can  be  put  in  one  tube. 

In  order  to  prevent  moisture  from  reaching  the 
primary  coated  fibres,  and  in  order  to  prevent 
physical  contact  between  buffer  and  fibre,  a  jelly 
filling  is  included.  Figure  2  shows  typical  self 
supporting  optical  aerial  cable  designs  with 
either  plastic  or  steel  tube. 


Fig. 

2  Optical  Aerial  Cables  with 

Plastic  and 

Steel  Buffers 

Power  companies  request  that  the 

total  design 

cable  elongation  must  be  more  than 
following  reasons: 

5So  for  the 

O 

Laying  the  cable  and  fixing  to 
the  towers 

Uo 

O 

Setting  of  the  two  layer 
armouhing 

1.5%o 

o 

Elongation  for  temperature  and 
mechanical  load 

1.5%o 

o 

Safety  margin 

Uo 

In  the  conventional  cable  construction  the  fibre 
buffers  are  stranded  around  a  central  FRP  strength 
member.  The  pitch  length  for  these  constructions 
is  chosen  so  that  both  elongation  and  contraction 
of  the  cable  under  operating  conditions  do  not 
adversely  affect  the  fibres.  A  too  short  pitch 
length  gives  a  small  bending  radius  and  an 
increase  of  attenuation  at  ^  =  1550  nm  may  occur. 
A  high  pitch  length  results  in  a  total  admissable 
cable  elongation  of  less  than  5%o. 

For  choosing  optical  fibres,  especially  for  the 
aerial  cables,  the  MAC  number  technique  is  of 
great  interest  and  helpful.  This  technique  is 
discussed  in  the  next  chapter. 
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In  Figure  3  an  overview  with  the  technical  data  is 
given  of  some  typical  aerial  cables  with  plastic 
and  stainless  steel  tubes. 
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Fig.  3  Technical  Data  of  Optical  Aerial  Cables 
with  Plastic  and  Steel  Buffers 

For  the  case  of  plastic  tubes  the  cable  core  is 
protected  by  an  extruded  polyethylene  sheath  which 
forms  the  foundation  for  the  two  layer  armouring. 
The  ratio  of  steel  to  aluminium  is  1:4  to  1:6.  In 
this  construction  the  aerial  cable  consists  of  two 
separate  parts:  The  inner  part,  i.e.  the  cable 
core,  is  made  of  plastics  and  protects  the  fibres 
against  mechanical  stress.  The  outer  part  is  made 
of  metal  to  fullfil  the  grounding  requirements. 

Using  a  metal  tube  the  fibres  are  incorporated 
into  the  cable  as  in  an  earth  wire.  Taking  a  wire 
such  as  Al/St  50/30  mm',  one  wire  of  the  inner 
armouring  layer  is  replaced  by  a  metal  tube  with 
up  to  6  fibres.  For  larger  wires,  tubes  with  up  to 
12  fibres  are  used.  Cable  constructions  with  steel 
tubes  of  outer  tube  diameters  of  1.7,  2.5  or 
3.0  mm  were  developed. 

Figure  4  shows  an  overview  of  the  possible  cable 
constructions  with  the  various  tube  diameters 
together  with  stalum  and  aldrey  wires  for 
replacing  conventional  Al/St  earth  wires.  The 
great  advantage  of  aerial  cables  with  steel  tubes 
is  the  reduction  of  diameter  and  weight  in 
comparison  to  the  conventional  cables  with  plastic 
tubes.  With  plastic  tubes  it  is  not  possible  to 
make  cable  constructions  with  a  diameter  on  the 
order  of  11  mm  for  transmission  at  X=  1550  nm  and 
fibre  excess  lengths  of  more  than  5  %o.  The 
designs  are  based  on  standard  stalum  and  aldrey 
wires  with  0.25  mm  steps  in  diameter. 
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Fig.  4  Optical  Aerial  Cables  with  Various  Steel 
Buffers 

For  old  towers  aerial  cables  with  steel  tubes  are 
especially  preferred.  They  are  thinner  than  any 
other  aerial  cables. 


4.  MAC  Nintoer  Technique 

The  sensitivity  of  optical  fibres  to 
macrobending  at  1550  nm  is  critical  to  their 
performance  in  cables,  especially  as  bending  radii 
reduce  to  the  order  of  50  mm  to  60  mm.  Thus  to  be 
able  to  forecast  what  possible  increase  in 
attenuation  may  occur  from  macrobending  in  the 
described  self  supporting  aerial  cable  design  is 
essential  in  order  to  ensure  loss  remains  below 
0.25  dB/km  at  1550  nm.  A  simple  criterium  to 
exclude  fibres  which  v-ould  have  unacceptably  high 
macrobending  loss  is  necessary. 

In  1988  S.V.  Chung  /I/  developed  the  "MAC"  number 
technique  of  characterizing  macrobending  loss.  The 
MAC  number  is  the  ratio  of  the  measured  fibre  mode 
field  to  the  measured  fibre  cutoff.  A  MAC  number 
of  less  than  8.5  in  order  to  ensure  a  bending  loss 
of  less  than  0.1  dB  over  50  turns  on  a  60  mm 
mandrel  at  1550  nm  was  recommended  for  matched 
clad  (MC)  single  mode  fibre  optimized  for  1300  nm 
use.  This  0.1  dB  value  is  the  total  loss  increase 
over  this  short  length  of  fibre  at  a  bending 
radius  (Rc)  of  30  mm.  A  lower  MAC  number 
boundary  value  was  expected  for  the  depressed 
inner  clad  (DIC)  fibre  design,  but  could  not  be 
experimentally  verified. 
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For  the  described  self  supporting  aerial  cable 
constructions  it  was  preferred  to  develop  a  test 
which  characterized  the  potential  macrobending 
loss  for  each  and  every  fiber  over  its  entire  long 
length  at  a  radius  approximately  that  to  be 
expected  in  cable.  A  type  test  which  is  made  only 
for  a  limited  number  of  samples,  and  which  only 
sees  the  roacrobending  in  a  short  length  of  fiber, 
was  considered  not  precise  enough.  The  resulting 
criterium  is  thus  very  severe  in  comparison  to 
what  would  be  normally  expected  of  optical  fibre 
with  respect  to  potential  macrobending  loss  for 
standard  cables. 

The  method  has  been  to  derive  a  MAC  number 
prediction  from  theory  and  to  verify  that  the 
prediction  is  in  good  agreement  with  experiment. 
MAC  number  boundary  values  for  both  MC  and  DIC 
fiber  designs  were  the  result  of  this  study.  To 
date  the  model  has  been  verified  oniy  for  DIC.  It 
is  used  to  exclude  DIC  fibres  which  could  have 
potentially  high  macrobending  loss  in  the 
described  self  supporting  aerial  cable 
constructions. 

From  theory  /2/,  and  taking  into  account  the 
stress  induced  increase  in  refractive  index  with 
macrobending,  the  attenuation  increase  from 
macrobending  at  some  test  radius  Rc  for  a 
particular  wavelength  can  be  predicted.  This 
prediction  is  made  in  terms  of  the  fibre  core 
diameter  2a,  the  core  refractive  index,  and 
additionally,  in  the  case  of  DIC,  in  terms  of  the 
depressed  inner  cladding  refractive  index,  and  the 
ratio  of  the  diameter  of  the  depressed  inner 
cladding  to  that  of  the  core  (b/a).  The  measured 
fibre  m^  field  and  measured  fibre  cutoff  relate 
to  these  index  and  geometrical  parameters.  (We  use 
the  Petermann  II  definition  of  mode  field  and 
measure  with  far-field  scan.)  The  measured  fibre 
cutoff  is  the  effective  cutoff  in  a  2  meter  bent 
fibre  length  as  defined  by  CCITT  G.652. 


ef*?ctive*ttC3ef  cufolt  wavelength  (nm) 
•equivalent  to  measured  fiber  cutoff 


Fig.  5  Macrobending  loss  Boundary  for  MC  Fibres 


In  the  DIC  fibre  design  it  is  known  that  the 
effective  fibre  cutoff  is  dependent  on  the 
magnitude  of  both  the  index  depression  in  the 
inner  cladding  and  the  ratio  b/a  /3/.  Thus  this 
factor  is  included  also  in  the  model  for  the  case 
of  DIC  in  order  to  ensure  that  the  predicted 
macrobending  loss  is  in  terms  of  a  MAC  nuniier 
which  correlates  with  the  measured  fibre  cutoff. 

Shown  in  Figures  5  and  6  are  a  series  of  forecast 
macrobending  loss  boundary  curves  for  typical  MC 
and  DIC,  respectively,  in  terms  of  mode  field  and 
effective  fiber  cutoff  for  a  bending  radius  of  50 
mm.  A  boundary  MAC  number  value  corresponds  to 
each  macrobenbending  loss  boundary  curve.  For  the 
DIC  case  the  depression  index  in  the  inner 
cladding  is  1.2  times  ten  to  the  minus  three  and 
b/a  is  6.5. 


♦  equivolent  fro  meose'vd  tibe^  cufrotfr 


Fig.  6  Macrobending  loss  Boundary  for  DIC 
Fibres 

The  boundary  values  for  DIC  would  linearly 
decrease  somewhat  as  either  or  both  index 
depression  and  b/a  increase. 

For  the  MC  case,  it  can  be  seen  that  for  a  nominal 
mode  field  of  10.0  ^m,  an  effective  cutoff  greater 
than  1195  nm  is  necessary  in  order  to  reduce  the 
1550  nm  macrobending  loss  over  the  entire  fiber 
length  at  a  bending  radius  Rc  of  50  mm  to  below 
0.1  dB/km.  This  means  a  MAC  number  of  less  than 
8.67.  This  value  is  comparable  to  the  value 
reported  by  S.V.  Chung  /I/  for  1300  nm  optimized 
MC.  For  the  DIC  case,  for  a  nominal  mode  field  of 
9.5  pm,  an  effective  cutoff  greater  than  1240  nm 
is  necessary  in  order  to  reduce  the  1550  nm 
macrobending  loss  over  the  entire  fiber  length  at 
a  bending  radius  Rc  of  50  mm  to  below  0.1  dB/km. 
This  means  a  MAC  number  of  less  than  7.67. 
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In  order  to  verify  the  correctness  of  the  forecast 
MAC  number  boundary  values  for  DIC  an  experiment 
was  performed.  The  increase  in  loss  at  1550  nm  on 
winding  in  long  lengths  on  approximately  50  tnm 
radius  spools  was  determined  and  related  to  the 
measured  mode  fields  and  cutoffs  for  a  large 
number  of  fibres.  This  loss  increase  in  not 
necessarily  purely  macrobending,  but  is  in 
practice  a  convenient  test.  In  fact,  an 
application  advantage  for  OIC  is  its  lower 
sensitivity  to  microbending,  so  a  test  with  DIC  is 
most  suitable. 

The  result  is  displayed  in  Figure  7. 


ft*  9?  6, 


Fig.  7  MAC  Number  Versus  loss  Increase 

The  agreement  to  model  is  excellent.  From  these 
results  we  confidently  chose  a  MAC  number  boundary 
value  of  7.5  for  DIC.  This  simple  criterium  is 
used  to  exclude  potentially  high  macrobending  loss 
DIC  fibres  from  the  described  self  supporting 
aerial  cable  constructions. 

5.  Test  Results  for  the  Optical  Fibre  Aerial  Cable 

In  the  following  chapter  the  most  important 
test  requirements  and  results  for  self  supporting 
aerial  cables  with  optical  fibres  are  described. 
Only  cable  constructions  with  optical  fibres  in 
stainless  steel  tubes  are  discussed.  In  earlier 
papers  aerial  cables  with  plastic  tubes  were 
sufficiently  reported  on  74/ . 

The  decisive  tests  for  aerial  cables  with  steel 
tubes  are; 
o  Temperature 
o  Mechanical  damping 

o  Short  time  current 

0  Torsion 

o  Tension 

o  Elongation  over  lifetime 


Fig.  8  Cross  Section  of  the  Aerial  Cable  with 
Steel  Tube 

1  ACS-Wires 

2  ACS-Wires 

3  Steel  Tube  with  optical  fibres 

4  Al-Wires 

Toperature 

Generally  aerial  cables  with  optical  fibres  in 
steel  tubes  are  less  sensitive  to  temperature 
changes  over  a  wide  range  in  comparison  to  cables 
with  plastic  tubes.  This  is  because  the 
temperature  expension  coefficient  of  steel  is 
lower  than  that  of  polyamide  or  polyester,  which 
are  the  coninon  materials  for  the  plastic  buffer. 
Therefore,  the  problem  of  too  much  fibre  excess 
length  at  low  temperatures  (-40®C)  and  too  less 
excess  length  at  high  temperatures  (+80®C)  is  not 
significant. 

Temperature  tests  of  some  cables  with  steel  tubes 
between  -40‘’C  to  +80°C  have  verified  this. 

The  changes  in  attenuation  at/^  =1310  nm  and 
^=1550  nm  were  lower  than  0.05  dB/km. 

Torsion 

An  important  criterium  for  laying  the  aerial 
cables  at  the  top  of  the  towers  is  the  torsion 
performance  of  the  cable.  In  the  case  of  a  high 
torque,  fibre  excess  length  is  loss. 

This  may  result  in  an  increase  of  attenuation, 
especially  at  ^  =1550  nm,  which  is  independent  of 
fibre  characteristics.  In  order  to  optimize  the 
torque  behaviour  of  the  cable  a  special  torque 
measurement  is  used.  Figure  9  shows  the 
construction  of  the  equipment. 


For  the  various  tests  the  measurement  equipments 
that  were  used  and  the  cable  performances  are 
described.  As  an  typical  example  the  cable  type 
ASLH-SD  3x2E9  (44/26-4.7)  corresponding  to  Figure 
4  in  chapter  3  is  discussed.  Figure  8  shows  a 
cross  sectional  photograph  of  the  tested  cable. 
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Fig.  9  Torsion  Measurenient 

By  means  of  this  test  equipment,  it  is  possible  to 
analyse  the  behaviour  of  the  cable  armouring  in 
respect  to  the  number  of  the  wires  and  their 
diameter ,  the  pitch  length  ratio  and  the 
preforming  of  the  single  wires.  With  the  results 
of  the  test  it  is  possible  to  optimize  the  cable 
armouring  in  such  a  way,  that  during  the  cable 
drawing  no  torque  occurs  and  no  fibre  excess 
length  is  loss. 

Figure  10  shows  for  the  mentioned  cable  the  torque 
as  a  function  of  the  tensile  load  for  the  not 
optimized  and  the  optimized  cable. 


The  optimized  cable  shows  in  the  tension  test 
(100  m  length)  almost  no  torque.  For  other  aerial 
cables  with  steel  tube  design  corresponding  to 
those  in  Figure  4  for  armouring  optimisation  the 
same  test  is  necessary. 

In  the  text  below  the  influence  of  torsion  is  no 
longer  discussed  as  this  factor  has  been  shown  not 
a  concern  with  the  described  cable  design. 


Fig.  10  Torque  Behavior  of  the  Aerial  Cable 

Tension 


For  self  supporting  aerial  cables  with  optical 
fibres  the  most  decisive  factor  is  the  tension 
load  as  no  change  of  attenuation  is  allowed  upto 
this  load.  This  tension  load  is  specified  by  the 
maximum  continuous  permissible  strain.  This  load 
is  for  the  described  cable  30.5  kN.  The  fibres  in 
the  cable  must  have  -  specified  by  the  customer  - 
more  than  5Xo  excess  length,  i.e.  no  fibre  strain 
is  allowed  at  the  mentioned  tensile  load.  This 
value  can  be  obtained  by  choosing  a  correct  pitch 
length  of  the  steel  tubes  and  the  armouring  wires, 
or  by  putting  a  defined  fibre  excess  length  into 
the  steel  tube.  An  important  criterium  for  the 
letter  situation  is  the  fibre  bending  radius  in 
the  aerial  cable. 

For  the  described  cable  construction  the 


following  values  were  chosen: 

Number  of  fibres  in  steel  tube  2 

Number  of  steel  tubes  3 

Diameter  of  steel  tube  1.4/1. 7  mm 

Pitch  length  82  mm 

Excess  length  in  steel  tube  2%o 

Total  excess  length  in  cable  8.9%o 

Fiber  bending  radius  69  mm 


The  tension  test  -  see  Figures  11  and  12  for  the 
equipment  -  was  made  with  a  100  m  long  cable 
sample. 
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Fig.  11  Tension  Test  Equipment  Measurement 


Fig.  12  Preparation  for  Tension  Test  (100  m) 

Figure  13  shows  the  measurement  principle.  Three 
fibres  in  this  cable  sample  were  spliced  together 
for  the  OTDR  measurements,  and  the  other  three 
similarly  spliced  for  the  fibre  strain 
measurements. 
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Fig.  13  Principle  of  OTDR  and  Fibre  Strain 
Measurement 

The  results  in  Figure  14a  (OTDR)  and  14b  (left: 
fibre  strain  in  steel  tube,  right:  fibre  strain  in 
the  finished  cable)  show  that  up  to  the  calculated 
ultimate  tensile  load  of  44  kN  no  change  of 
attenuation  at  'X  =1550  nm,  and  no  fibre  strain, 
occurs . 


Fig.  14a  OTDR  Results  on  the  Aerial  Cable  with 
Steel  Tube 

The  measured  fibre  reserve  in  the  cable 
corresponds  with  the  theoretical  value  of  about 
9%o.  Even  after  the  completion  of  this  tension 
test,  the  cable  still  had  tight  armouring  of 
usable  quality. 
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Fig.  14b  Fibre  Strain  in  the  Single  Steel  Tube 


Fig.  14b  Fibre  Strain  in  the  Cable 


Elongation  over  lifetiae 

For  conventional  Al/St  ground  wires  it  is  known 
that  the  extrapolated  elongation  at  a  lifetime  of 
30  years  is  between  Uo-2%o. 

The  appropriate  tests  should  show  if  this 
performance  is  also  valid  for  ground  wires  with 
integrated  fibre  optics. 

Figure  15  shows  the  test  equipment  for  the 
measurements. 


Fig.  15  Elongation  Measurement 

The  tests  were  made  over  4000  hours  and  then  an 
extrapolation  was  made  to  30  years. 

In  total  three  samples  of  the  described  cable  were 
tested  with  tensile  loads  as  follows: 


Sample  1 : 


17%  calculated  ultimate  tensile  load 
110  N/mm’  tensile  load 


Sample  2: 


39%  calculated  ultimate  tensile  load 
250  N/mm’  tensile  load 


Sample  3: 


60%  calculated  ultimate  tensile  load 
380  N/mm'  tensile  load 


The  diagrams  of  performance  against  time  are  shown 
in  Figure  16. 


Fig.  16  Lifetime  Elongation  Results 

The  extrapolated  cable  elongations  at  30  years 
are: 

Sample  1:  0.48%o 
Sample  2:  0.98%o 
Sample  3:  1.81%o 

These  results  are  nearly  the  same  as  for  a 
conventional  ground  wire. 

Self  dancing 

With  this  test  is  should  be  found  whether  or  not 
the  aerial  cable  with  steel  tubes  needs  damper 
clamps.  The  tests  were  made  in  accordance  with  the 
"Guide  on  Conductor  Self-Damping  Measurements"  of 
the  CIGRE  Study  Comittee  No  22  /5/  (Figure  17). 
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Fig.  17  Self  Damping  Measurement 

The  tests  for  the  aerial  cable  ASLH-SD  3x2E9/125 
(44/2. '4. 7)  were  made  with  two  tensile  loads  (7.4 
kN  and  10  kN)  and  three  vibration  angles  (S’, 
10’and  15’).  The  self  damping  measurements  were 
made  at  five  frequencies  between  10  Hz  and  50  Hz. 
The  Figures  18a  and  18b  show  the  test  results.  In 
Figure  18a  the  damping  powers  of  the  aerial  cable 
with  tensile  loads  of  110N/mm’  and  143N/mm'  versus 
V/0  (Y:  maximum  amplitude  of  vibration,  D;  Cable 
diameter)  are  shown. 

In  Figure  18b  the  damping  powers  versus  vibration 
frequency  are  shown  for  the  two  tensile  loads. 
From  these  results  clamps  are  needed  for  this 
cable  design. 


Fig.  18a  Damping  Power  Versus  Vibration  Amplitude 
(110  N/mmM 


Vibrotion  angle  5^10  and  15 


Fig.  18a  Damping  Power  Versus  Vibration  Amplitude 
(143  N/mm') 
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Fig.  18b  Damping  Power  Versus  Frequency 
(110  N/mm') 


Short  Tiae  Current 

After  the  completion  of  the  tension  test,  the 
short  time  current  measurement  was  made  on  the 
same  test  sample.  In  this  test  the  cable  is  loaded 
for  1  sec  with  the  specified  value  for  short  time 
current,  i.e.  for  the  described  cable  a  value  of 
4.7  kA.  The  temperature  limit  for  the  cable  is 
160°C.  In  actuality  the  optical  and  mechanical 
function  of  the  aerial  cable  was  tested  at  higher 
thermal  load  up  to  its  destruction. 

To  do  this  test,  a  sample  of  30  m  length  was  hung 
suspending  the  air  and  connected  to  a  220  KV 
source  and  a  current  1  applied  for  a  time  t  to  the 
cable.  Thermoelements  were  present  in  the  inner 
and  outer  layer  of  armouring  so  that  the 
temperature  could  be  observed  after  the  current 
surge. 

Attenuation  at?l=1310  nm  was  monitored  throughout 
the  entire  test. 

With  a  current  of  1=4.75  kA  over  t=  1  sec  the 
temperature  increased  from  20°C  to  92°C.  No  change 
of  attenuation  was  recorded.  If  the  I’t  load  was 
increased  by  a  factor  of  2.6  against  that  of  the 
above  test,  a  change  in  attenuation  of  less  than 
1/100  dB  per  160  m  test  length  with  a  temperature 
increase  to  295°C  in  the  outer  layer  was  observed. 
At  a  factor  of  3.9  the  temperature  increased  to 
430°C  (Figure  19).  The  fibres  went  dark.  At  this 
higher  load  the  aerial  cable  was  mechanical 
destroyed . 


Fig.  19  Short  Time  Current  Results 


Fig.  18b  Damping  Power  Versus  Frequency 
(143  N/mm') 


International  Wire  &  Cable  Symposium  Proceedings  1991  215 


With  this  test  it  was  shown  that  the  aerial  cable 
with  optical  fibres  in  steel  tube  satisfies  the 
specification  at  high  thermal  loads. 

Thus  a  self  supporting  optical  fibre  aerial  cable 
with  stainless  steel  tubes  fullfils  the 
requirements  placed  on  a  conventional  Al/St  ground 
wire. 

Corresponding  tests  are  in  progress  at  the  moment 
for  cables  with  6  and  12  fibres  per  steel  tube  and 
are  expected  to  be  finished  at  the  end  of  1991. 

6.  Future  trends 

An  important  trend  for  the  further 
development  of  aerial  cables  with  steel  tubes  is 
corrosion  prevention.  Early  tests  have  revealed 
that  a  standard  bare  steel  tube  in  combination 
with  aluminium  or  stalum  wire  corrodes  slightly. 
However,  a  range  of  tests  with  salt  water  sprays 
and  simultaneous  mechanical  dynamic  stress  did  not 
show  any  intensive  corrosion  of  the  surface  of  the 
steel  tubes.  At  this  time  whether  or  not  it  is 
necessary  to  protect  the  steel  surface  from 
corrosion  is  not  clear.  Nor  at  this  moment,  if 
protection  is  necessary,  is  it  clear  which  method 
would  be  the  best  choice. 

The  described  here  new  aerial  cable  meet  the 
increasing  demand  for  communication  of  all 
subscribers  in  the  near  future  period. 

It  will  be  the  successful  third  generation  of 
aerial  cables.  The  complete  cable  range  will  be 
covered  by  a  maximum  of  two  tube  dimensions. 

The  choice  of  these  two  dimensions  will  come  out 
of  further  developments.  The  described  technique 
for  steel  tubes  will  be  extended  to  higher  fibre 
counts  than  12  by  techniques  such  as  ribbons  and 
solid  mini  bundles  in  order  to  increase  fibre 
packing  density. 

MAC-number  will  be  a  necessary  technique  for  the 
development  of  such  cables. 
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DESIGN  AND  OPERATION  OF  AN  AERIAL  FIBER-OPTIC  CABLE  FOR  RAILROAD  COMMUNICATIONS 


A.  Bidinger 
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W.  Lynen  and  R.  Ney 
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Summary. 

The  technical  problems  connected  with 
the  application  of  fiber-optic  data 
communications  over  long  distances  can  be 
considered  as  solved.  There  exist  a 
sufficient  number  of  networks  in  operation 
which  substantiate  the  validity  of  this 
claim.  Hitherto,  the  cables  used  were 
mainly  buried.  The  application  of  aerial 
cables  for  this  purpose  was  considered 
problematical,  based  on  prior  experience 
which  revealed  a  deterioration  of  the 
transmission  characteristics  and  lifetime 
of  optical  fibers  under  mechanical  load. 
In  cooperation  with  the  Deutsche 
Bundesbahn  (German  Federal  Railroad)  the 
development  of  a  non-metallic,  fiber-optic 
aerial  cable  was  started  in  1987.  This 
cable  is  suspended  from  the  masts  carrying 
the  contact  wire.  It  is  suited  for  free 
spans  up  to  100  m  (300  ft)  .  The  important 
novel  feature  of  the  cable  design  is  a 
polyethylene  jacket  with  embedded  glass 
yarn  bundles  which  combines  high  tensile 
strength  and  light  weight.  The  evaluation 
of  the  cable  presented  in  this  paper 
took  place  along  the  railroad  track 
between  Reutl ingen  and  Tuebingen,  Germany. 
After  three  years  of  successful  operation, 
the  test  is  considered  completed. 


Aerial  Cables  for  Long-distance  Communica¬ 
tions  along  Electrified  Railroad  Tracks. 

With  the  advance  of  electrification, 
the  economical  aerial  cables  were 
displaced  by  buried  cables.  The  main 
reason  for  this  is  that  the  electro¬ 
magnetic  interference  generated  by  the 
electrical  traction  system  can,  in 
practice,  not  be  eliminated  by  conven¬ 
tional  cable  design  techniques.  Another 
limiting  factor  is  the  lack  of  space  for 
installing  heavy  shielded  cable  in 
proximity  of  the  track.  These  conditions 
changed  when  non-metallic,  fiber-optic 
aerial  cables  became  available.  Further¬ 
more,  it  was  determined  that  suspension  of 
the  light-weight  cables  from  the  masts 
carrying  the  contact  wire  for  the 


electrical  traction  system  does  not  affect 
the  masts  or  the  operation  c.'  the  railroad 
(Fig.  1). 


.1 

i  # 


h 


Fig.  1  Track  section  with  fiber  optic 
cable  (arrow) 

The  design  requirements  for  this  kind 
of  F.O.  aerial  cable  are  mainly  derived 
from  the  properties  of  optical 
transmission.  Their  principal  component  is 
the  optical  fiber  which,  when  compared  to 
conventional  copper  conductors,  is 
extremely  sensitive  to  tensile  and 
compression  stresses.  Special  designs  are 
therefore  needed  to  protect  the  delicate 
optical  fiber  in  the  cable  core  after 
installation  from  excessive  stresses 
caused  by  varying  climatic  conditions. 

Design  Considerations. 

□  Six  optical  fibers  were  required 
between  the  Reutl ingen  and  Tuebingen 
railroad  stations  for  an  over-all  length 
of  15.38  km  (9.6  mi),  including  drop-offs 
to  three  intermediate  stations.  A  copper 
conductor  star-quad  had  to  be  included  in 
the  cable  core  for  occasional  operational 
use. 
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D  The  round  fiber-optic  cable  had  to  be 
suspended  from  and  braced  to  the  overhead 
line  masts  in  such  a  manner  that  its 
system  transmission  characteristics  as 
well  as  the  railroad  operation  were  not 
adversely  affected  by  temperatures 
between  -40°C  and  +60°C,  snow  loads  of 
2  kg/m  (1.34  Ib/ft)  at  -5°C  or  wind  velo¬ 
cities  up  to  104  km/h  (64.6  mph)  at  +5°C. 

□  Trees  that  might  collapse  in  proximity 
of  the  line  must  be  caught  by  the  cable  in 
a  manner  resilient  enough  that  does  not 
permanently  affect  the  transmission 
characteristics.  In  case  of  tree  collapse 
between  masts,  the  stored  slack  in  the 
cable  must  suffice  to  enable  the  tree  to 
fall  and  force  the  cable  to  the  ground, 
without  damaging  it  (Fig.  2). 


Fig.  2  Tracks  exposed  to  potential  tree 
impact 


□  The  basic  design  of  the  cable  core 
should  utilize  proven  techniques  of  buried 
cables . 

D  The  required  non-metal lie  tension 
relief  system  must  be  integrated  into  the 
cable  jacket,  so  as  to  permit  the  use  of 
traditional  laying  techniques  using  dead¬ 
end  spirals  and  support  rollers. 

Characteristics  of  the  Reutlinqen- 
Tuebingen  Railroad  Track  Section. 

When  we  first  started  our  project,  the 
overall  48.76  km  (30.3  mi)  track  section 
between  Plochingen  and  Tuebingen,  corres¬ 
ponding  to  an  actual  cable  length  of  53.61 
km  (33.31  mi)  was  nearing  completion. 
During  the  1984-88  period,  the  34.72  km 
(21.58  mi)  section  between  Plochingen  and 
Reutlingen  (cable  length:  38.23  km  =  23.76 
mi)  was  rebuilt,  using  paper- insulated, 
buried  copper  cables  of  type  AI-PLEb2Y 
64  (8/18/38) . 


The  use  of  a  F.O.  aerial  cable  between 
Reutlingen  and  Tuebingen  permitted  a 
meaningful  comparison  of  ‘  ^chniques. 
This  track  sectio-  -ro. ■  ^  populated 
areas,  woods  and  open  terrain  (see 
Appendix  1)  . 

A  total  of  217  supporting  str-:'rLures  of 
conventional  design  we"  i/airaole  for  the 
suspension  of  a  ...  aerial  cable.  The 
cable  route  required  two  crossings  of  the 
tracks  for  connection  to  stations  located 
on  the  far  side  of  the  selected  spur. 

Characteristics  of  the  F.O.  Aerial  Cable. 


Cable  Construction  and  Production. 
The  cable  used  single-mode  fiber  paii.: 
(colored  red  and  green,  respectively) 
longitudinally  water-proofed,  placed  in 
polyamide  tubes.  During  fabrication  of 
these  so-called  fiber  bundles  of  2.2  mm 
(0.087")  outer  dia.  and  1.3  mir:  (0.051") 
inner  tube  diameter,  the  excess  fiber 
length  was  set  between  0  to  0.1%  with 
respect  to  the  straight  polyamide  tube. 
The  bundles  were  filled  with  a  petroleum 
jelly  whose  water-blocking  characteristics 
remain  stable  between  -40°C  and  +70°C 
(Fig.  3)  . 
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Cable  Construction 

1  ‘  Star  quad 

2  ’  3  ea.  toamad  polypropylene  tapea 

3  *  Optical  fiber  bundle 

4  -  Dummy 

6  -  Polyeeter  tape 

6  -  Polyethylene  Inner  lacket 

7  -  Polyeater  tape 

8  -  Polyethylene  Jacket  with  24  ea.  embedded. 

reinforcing  glaae  yarn  fiber  bundlea 

Fig.  3  Fiber  optic  cable  (cross-section) 


The  core  of  the  cable  consists  of  a 
0.6  mm  conductor  dia.  (#23  AWG)  star-quad 
with  a  foam-skin  insulation  of  0.35  mm 
(0.014")  wall  thickness.  This  component 
was  specified  by  the  user  in  order  to  have 
available  an  operational  copper  cable 
during  and  after  laying.  The  quad  was 
surrounded  by  a  cushioning  layer.  The 
diameter  of  this  layer  is  3.9  mm  (0.15"). 
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Seven  F.O.  bundles  were  stranded  over  The  outer  diameter  of  the  cable  is 

the  core  with  a  relatively  short  lay,  15.9+0.2  mm  (0.626±0.008") .  The  finished 

starting  with  a  red-colored  bundle.  Seen  cable  bears  a  white-colored  identifica- 

in  the  clockwise  direction,  we  stranded  a  tion,  specified  by  the  user,  including 

dummy  element  (neutral  color) ,  a  yellow-  continuous  footage  markings, 

colored  bundle,  a  dummy  element,  a  yellow 

bundle,  followed  by  two  dummies.  The  The  ordered  production  quantity  was 

dummies  are  made  from  polyamide,  similar  delivered  in  twelve  individual  lengths, 

to  the  buffer  tubes.  However,  their  outer  including  a  spare,  varying  from  1,200  m  to 

dia.  is  2.4  mm  (0.095").  2,100  m  (3,937  to  6,890  ft). 


The  cable  core,  which  was  prepared  with 
greatest  care,  is  covered  with  polyester 
tapes.  It  has  a  9.5±0.1  mm  (0.374±0.004") 
diameter,  prior  to  the  application  of  the 
inner  jacket.  The  inner  jacket  consists  of 
translucent  high-density  polyethylene  with 
a  0.6  mm  (0.024")  wall  thickness. 

As  a  final  step,  a  glass-fiber  rein¬ 
forced  cable  jacket,  developed  by  Lynen- 
werk,  was  extruded  over  the  inner  jacket. 
Without  stress,  the  difference  between  the 
inner  jacket  diameter  and  the  inner 
diameter  of  this  outer  jacket  is  0.2  mm 
(0.008")  . 

The  so-called  "LYNIPORT"  jacket  (Fig. 
4),  made  from  black  high-density 
polyethylene,  has  a  total  wall  thickness 
of  2.8  mm  (0.11").  A  ring  of  24  glass  yarn 
bundles,  each  of  which  consists  of  6  glass 
yarns,  is  located  in  the  center  portion  of 
the  jacket.  The  wall  between  the  inner 
diameter  of  the  jacket  and  the  glass 
bundles  is  0,5  mm  (0,020")  and  the  wall 
between  the  glass  bundles  and  the  outer 
jacket  diameter  is  1.0  mm  (0.03S").  The 
glass  fiber  bundles  are  tightly  locked 
within  the  polyethylene  jacket,  thus 
providing  the  necessary  mechanical 
strength  to  the  cable. 


Fig.  4  Lyniport  jacket  cross-section 
(metric  scale) 


Table  1  shows  only  those  specification 
requirements  that  are  characteristic  for 
the  special  application  of  this  cable.  Of 
primary  concern  is  the  stability  of  the 
optical  transmission  characteristics  under 
varying  conditions  of  tension/elongation 
and  temperature.  The  results  of  special 
tests  are  summarized  below. 

Cable  Laying 

Laying  and  Suspension  Techniques. 

The  masts  for  the  contact  wires  which 
provide  the  traction  power  for  electrified 
railroads  are  well  suited  for  the 
suspension  of  F.O.  aerial  cables.  Initial 
apprehensions  by  the  technical  services  of 
the  Bundesbahn  regarding  mast  loading  and 
operational  security  of  the  telecom¬ 
munications  have  revealed  themselves  to  be 
unfounded.  The  laying  and  suspension 
techniques  used  in  this  case  are  identical 
to  those  practiced  with  copper-conductor 
aerial  cables  along  non-electrif ied  rail¬ 
road  tracks.  Each  suspension  section 
contains  as  many  spans  as  possible. 

To  brace  the  cable  we  used  dead-end 
spirals  of  the  kind  that  have  an 
established  track  record  for  the  bracing 
of  round  cables  or  overhead  power 
conductors  (Fig.5), 
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Fiber  dimensions 


Mode  field  diameter  (at  1300  nm) : 

9 

Tolerance: 

±1 

[im 

Cladding  diameter: 

125 

{in 

Tolerance : 

±3 

[im 

Jacket:  deviation  from  round  (max.) 

2.5 

jam 

Concentricity  deviation  between  core  and  cladding: 

1 

|im 

Cable  dimensions  and  mechanical  characteristics 

Fiber  bundle  diameter; 

2.2 

mm 

Dummy  diameter: 

2.4 

mm 

Core  diameter: 

3.9 

mm 

Stranded  diameter: 

8.7 

mm 

Diameter  over  the  tape; 

9.5 

mm 

Inner  jacket  wall  thickness; 

0.6 

mm 

Inner  jacket  diameter; 

10.7 

mm 

Outer  jacket  wall  thickness: 

2.6 

mm 

Overall  diameter  (=  D) : 

15.9 

mm 

Cable  weight: 

Weight  of  glass  yarn  stress  relief  elements: 
Modulus  of  elasticity: 

Temperature  elongation  coefficient: 


200  kg/km 
32.7  kg/km 
400  kp/sq.mm 
0.000018/°C 


Transmission  properties  of  the  fibers 

Attenuation  coefficient  (betw.  1285  -  1330  nm) :  0.4  dB/km 
Dispersion  (betw.  1285  -  1330  nm) :  3.5  ps/nm/km 
Cutoff  wavelength:  between  1100  and  1280  nm 


Mechanical  properties  and  temperature  behavior 
Min.  tensile  stress/max.  elongation: 

Test  Idrr.its: 

Max.  load  to  rupture: 

Rupture : 

Permissible  attenuation  change*: 
under  tensile  stress, 

up  to  a  test  load  of:  0.05 

under  bending  stress**: 

Temperature  variation  stress: 
at  0°C 
at  -20°C 
at  +60°C 

Attenuation  change  at  -40°C  with  respect  to 
room  temperature: 


12000  N/1.5% 
10000  N/1.2% 
20000  N/2% 


dB/100  m  (loaded) 
±0.01  dB/100  m, 

±0.1  dB/km  max . 
±0.5  dB/km  max. 
±0.5  dB/km  max. 

±0.5  dB/km  max. 


*  the  change  must  be  reversible 

**  one-time  bending  without  tensile  stress  (bending  radius  =  lOD) 


Table  1.  Fiber  Optic  Aerial  Cable:  Dimensions  and  properties. 
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Fig 


6 


Supporting  roller  with 
oscillation-suppressing  spiral 


Fig.  7  Mid-span  break-out  at  beginning 
or  end  of  span  with  plastic  damping  spiral 


Between  suspension  points  we  installed 
rollers  on  the  masts  for  the  purpose  of 
supporting  the  cable  (Fig.  6).  Except  for 
ice  and  wind  loads,  the  masts  are 
therefore  supporting  only  the  relatively 
light  weight  of  the  cable.  Special  pole 
braces  and  brackets  for  the  installation 
of  the  spirals  and  supporting  rollers  had 
to  be  developed  for  the  aerial  cable. 
During  the  planning  stage,  the  type  and 
size  of  these  accessories  were  determined 
based  on  considerations  of  railroad 
operational  safety  and  proper  overall 
installation  of  the  cable.  Special 
attention  was  given  to: 


The  sag  is  set  to  amount  to  between  0.8 
to  1.5%  of  the  distance  between  masts 
based  at  a  temperature  of  -5°C.  The 
setting  of  the  desired  sag  determines  the 
pulling  force  in  all  spans. 

Vibration  Considerations. 

During  the  summer  of  1990  we  had  to 
take  the  following  preventive  measures, 
after  we  observed  slight  oscillation  of 
the  cable  in  certain  spans  at  near¬ 
freezing  temperatures  and  under  calm  wind 
conditions; 


-  Possible  wind  loads,  including  those 
generated  by  the  passing  trains; 

-  Ice  and  snow  loads; 

-  Danger  of  collapsing  trees; 

-  Safe  distances  to  perform  maintenance 
work  on  cable  fittings. 

The  cable  was  suspended  at  a  height  of 
about  5  m  (15  ft)  from  the  top  of  the 
rail.  The  distance  between  masts  varied 
between  60  m  (180  ft)  and  80  m  (240  ft). 

Installation  Techniques,  Slack  Adjustment. 

The  use  of  supporting  rollers  simplified 
the  installation  of  the  cable.  It  took 
place  at  walking  speed  with  a  maximum  of 
six  technicians  for  the  actual  pulling 
operations.  The  pulling  of  a  suspension 
section  starts  with  the  mounting  of  a 
dead-end  spiral  to  a  mast.  The  cable 
length  ahead  of  the  spiral  must  bo  adapted 
to  the  required  conditions.  If  a  mid-span 
break-out  is  required  within  a  given  cable 
length,  as  in  the  case  of  grade  or  track 
crossings,  it  becomes  necessary  to  form  a 
1  oop  (Fig.  7 )  . 


An  oscillation-suppressing  spiral 
was  attached  to  each  suspension 
point.  This  component  has  the 
additional  benefit  of  reducing  the 
pressure  on  the  cable  jacket  at  the 
suspension  roller. 

Special  plastic  damping  spirals  were 
installed  in  several  selected  spans 
(Fig.  8). 


Fig.  8 


Supp-ort  p'oint  with  osc  i  1  1  a  I  i  t'n- 
supjpresE  ion  (1)  ai.d  plastic 
dampinc)  spirals  {?) 
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Results  and  Experience  Gained. 
Pertinent  Cable  Properties. 

Attenuation.  The  measured  attenuation 
coefficient  on  a  length  of  cable  of 
2,055  m  (6,742  ft),  for  each  of  the  six 
fibers,  was  between  0.33  dB/km  and  0.35 
dB/km  at  1,300  nm.  The  specification 
requirement  was  for  0.4  dB/km  max.  OTDR 
measurements  over  the  complete  15.175  km 
(9.43  mi)  length  of  the  line  yielded  the 
following  readings: 

Fiber  No.  1:  5.47  dB 

Fiber  No.  2:  5.51  dB 

Fiber  No.  3:  5.40  dB 

Fiber  No.  4:  5.69  dB 

The  line  includes  10  splice  boxes. 

Attenuation  as  a  Function  of  Tempera¬ 
ture.  This  property  was  measured  on 
bundled  fibers  between  -40°  and  +60°C.  The 
fibers  were  wound  on  630  mm  (24.8")  flange 
dia.  reels.  Fig.  9  illustrates  the  test 
results  which  confirm  that  the  fibers 
embedded  in  the  petroleum  jelly  exhibit 
the  expected  temperature  dependence.  The 
attenuation  change  as  a  function  of 
ambient  temperature  is  more  meaningful  as 
we  shall  explain  further  (see  Fig.  13. 


Attenuation  (dB/lcm) 


Fig.  9  Attenuation  as  a  function  of 
temperature 


Conventional  test  procedures  to  deter¬ 
mine  changes  of  attenuation  as  a  function 
of  ambient  temperature  variations  between 
-40°C  and  +60°C  were  not  used,  as  we  do 
not  consider  them  useful  for  the 
evaluation  of  the  transmission  character¬ 
istics  of  F.O.  aerial  cables.  In  our 
opinion  these  tests  are  primarily 
meaningful  for  the  determination  of  the 
suitability  of  shipping  and  storage  of  the 
cable  on  reels. 


Stress-Elongation  Diagram.  The  stress 
behavior  must  be  investigated  as  a 
function  of  cable  elongation.  The  results 
of  the  tensile  test  are  useful,  among 
other,  for  the  determination  of  the 
modulus  of  elasticity  of  the  cable 
construction,  as  it  affects  considerably 
the  sag  behavior  of  the  aerial  cable.  It 
should  be  mentioned  that  a  temperature 
dependence  of  the  modulus  of  elasticity  of 
the  described  cable  construction,  although 
present,  may  be  neglected  for  the  purpose 
of  sag  calculations,  rhe  uneven  rise  of 
the  stress-elongation  curve  is  an 
indication  of  the  variation  of  the  modulus 
of  elasticity  when  placing  the  cable  under 
load.  This  property  must  be  considered  for 
a  precise  computation  of  sag  (Fig.  10) . 


Tensile  Stress  (kp) 


Attenuation  under  Tension/Elonqation. 
First  of  all,  the  attenuation  change  of 
the  cable  under  elongation  is  of  interest, 
whereby  the  elongation  of  the  optical 
fibers  is  also  considered.  Fig.  11 
illustrates  the  relative  dependency  of  the 
parameters.  The  figure  also  provides  the 
answer  to  the  question:  what  is  the 
maximum  load  that  the  cable  can  be 
subjected  to  before  the  transmission 
characteristics  are  impaired?  It  also 
illustrates  the  aging  of  the  fibers  as  a 
result  of  elongation. 

For  a  maximum  allowable  fiber  elon¬ 
gation  of  0.20%,  the  cable  in  the  span  may 
be  loaded  up  to  9,000  N.  In  this  case,  the 
cable  elongation  is  1.1%  and  the  changes 
in  attenuation  are:  0.009  dB/100  m  (® 
1,300  nm)  and  0.11  dB/100  m  (®  1,550  nm) . 

The  described  F.O.  aerial  cable  is  not 
used  in  the  third  window.  However,  in  case 
of  such  a  potential  application,  it  would 
be  proper  to  set  lower  limits  for  the 
acceptable  cable  elongation. 
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Charactortstlet 

Ca5{«  E^ootfatioa  Fibmr  Elongattan  Att»a9atica 


Fig.  11  Attenuation  change  and  fiber 
elongation  under  stress 


Temperature  Behavior  in  the  Span  .  The 
temperature  elongation  coefficient  of  the 
aerial  cable  is  of  particular  importance 
for  this  feature  for  the  entire  cable 
length.  This  value  which  characterizes 
cable  construction  is  determined  on  the 
completed  cable.  We  measured  a  value  of 
0.000018/°C. 


the  total  30  km  (18.6  mi)  length  in  the 
cable.  Recordings  were  made  of  attenuation 
and  outside  temperature  in  addition  to 
extraordinary  meteorological  events.  As 
evidenced  by  Fig.  13  no  effects  to  disturb 
the  transmission  characteristics  were 
recorded  during  periods  of  large 
temperature  changes. 


Ambient  T»mpJn  Jan.  AMptMil  TpaipJii  F»b. 

Att*Aua(lon  Ift  J«A.  AHtwntton  to 


Fig.  13  Attenuation  as  a  function  of 
ambient  temperature 


Conditions  along  the  Track  and  Special 
Events . 

Tensile  Stress  and  Sag,  During  instal¬ 
lation  of  the  line,  special  attention  was 
given  to  the  basic  sag  calculations. 
Fig. 12  shows  tensile  stress  and  sag  as  a 
function  of  temperature  and  span  lengths. 


-40  -30  0  'SO  «40  *40 

Temperature  (*0 

Fig.  12  Tensile  stress  and  sag  as  a 
function  of  temperature 


Environmental  Effects  on  the  Transmis¬ 
sion  Quality.  Attenuation  as  a  function  of 
ambient  temperature  was  measured  daily 
between  January  1989  and  the  summer  of 
1990.  This  test  consisted  of  the 
continuous  monitoring  at  the  two  ends  of 
two  spliced  optical  fibers  in  a  bundle  for 


Effects  of  Railroad  Operation  on  the 
Transmission  Quality.  We  examined  the 
failure  rates  in  the  switched  PCM  480- 
system  over  a  22-hr.  period  beginning  on 
March  5,  1990.  The  results  lie  within 

acceptable  tolerances  of  CCITT. 

Formation  of  Ice  Loads.  Following 
several  heavy  snow  falls  during  the 
1988/89  winter,  we  observed  ice  loads  on 
the  cable  in  several  spans.  The  diameter 
of  the  ice  formation  was  estimated  at 
about  30  mm  (1.18").  It  corresponds  to  a 
load  of  3.9  kp/m  (2.62  Ib/ft),  that  is,  a 
twenty-fold  increase  of  the  weight  of  the 
cable.  Prevailing  calm  resulted  in  a 
quadrupling  of  the  sag  in  the  80  m  (262 
ft)  spans.  It  was  observed  that  a  sudden 
release  of  the  ice  load  from  an  individual 
span  resulted  in  reducing  the  sag  only  in 
this  particular  field  (to  a  lesser  extent 
than  that  which  would  have  been  caused 
only  by  a  change  in  temperature  due  to  the 
increased  tensile  strength).  (Fig.  14). 

Collapsing  Trees.  A  few  days  after  the 
installation  strong  winds  caused  a  spruce 
located  in  the  vicinity  of  the  line  to 
break  and  impact  directly  into  a  span  and 
simultaneously  into  the  overhead  line, 
causing  the  latter  to  rupture.  The  aerial 
cable  was  forced  to  the  ground  by  the 
tree,  taking  advantage  of  the  slack 
offered  by  the  span  lengths  without 
suffering  any  damage.  Once  the  tree  was 
removed,  the  cable  bounced  back  to  its 
normal  slack. 
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Span  (m) 


CoadltloBf 

Sqq  vltboQt  ie« 

Soa  vllh  Mmm  le« 

IbDtJtrM*  vltbpal  le* 

IbuAffMa  vlth  MOmm  (e« 

Fig.  14  Tensile  stress  and  sag  as  a 

function  of  span  length  at  -5°C 
and  30  mm  thick  ice  formation 


Observed  Cable  Oscillation  in  the  Cable 
Spans.  During  the  winter  of  1989-90 
oscillation  of  the  Ccible  was  observed  in 
individual  cable  spans  over  a  period  of 
several  minutes  while  the  temperature  was 
around  freezing  under  virtual  calm  wind 
conditions.  The  oscillation  frequency  was 
estimated  at  25  Hz  with  cunplitudes  of 
about  20  mm  (0.8").  Oscillation  nodes  and 
maxima,  spaced  about  600  mm  (2  ft)  apart, 
were  easily  recognizable.  Upon  consul¬ 
tation  with  oscillation  experts,  we 
installed  the  oscillation  damping  devices 
previously  described  in  the  most  affected 
areas  during  the  summer  of  1990. 
Experience  gained  to-date  with  these 
damping  devices  confirms  that  the 
inclusion  of  oscillation  suppressing 
spirals  at  the  contact  points  of  the 
support  rollers  is  adequate. 

Summary  and  Outlook 

The  F.O.  aerial  cable  which  was 
installed  in  1988  has  proven  to  be 
reliable.  An  optical  fiber  pair  has  been 
switched  with  a  PCM  480-system  (34  Mbit) 
since  the  beginning  of  1989.  The  system 
has  worked  without  interruption.  Following 
the  positive  experience  made  during  the 
summer  of  1990,  the  Deutsche  Bundesbahn 
has  issued  a  general  approval  for  the 
installation  of  F.O.  aerial  cables  along 
electrified  railroad  tracks,  using  for 
suspension  the  overhead  masts  carrying  the 
contact  wire.  At  the  present  time  the 
installation  of  F.O.  aerial  cables  along 
several  new  sections  of  track  is  under 
construction  or  in  the  planning  stage. 
Meanwhile,  the  German  Bundespost  (German 
PTT)  decided  to  use  the  same  F.O.  cable  in 
their  communications  network.  The  first 
aerial  cable  connection  was  installed  in 
May  1991  within  the  framework  of  the  new 
telecommunication  link  between  Berlin  and 
Bayreuth. 


Appendix  1  Location  diagram  of  the 
Tuebingen  -  Reutl ingen  track  section 
within  the  Tuebingen  -  Stuttgart  main 
railroad  line 
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Development  of  optical  composite  messenger  wire 
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Abst  ract 

In  the  case  of  CATV,  which  serves  the 
distributed  same  signal  source  to  custom¬ 
ers,  the  small-count  cable  is  enough  for 
trunk  lines  as  the  long-distance  and 
high-capabi  1  i t ,v  transmission.  The  conven¬ 
tional  method  for  overhead  optical  cable 
installation  was  to  hang  it  on  a  messenger 
wire.  However,  installation  of 
small-count  cables  by  this  method 
increased  the  Installation  cost  per  core. 
Therefore  a  small-count  optical  composite 
messenger  wire  has  been  developed  with  a 
central  metal  tube  containing  optical 
fibers.  The  cable  can  be  installed  by  the 
same  method  as  for  messenger  wires. 


1  .  1  nt  r odiict  ion 

When  using  optical  fiber  cables  in 
systems  that  distribute  t  lie  same  signal 
source  to  many  users  as  in  CATV  systems; 

1)  Optical  fiber  cables  are  suitable 
for  trunk  lines  in  accomplishing 
long-distance  and  large  capacity 
transmission.  And  because  branching  does 
not  have  to  be  considered,  the  small 
number  of  optical  fibers  are  sufficient 
for  i  t  . 

2)  In  systems  that  distribute  to  end 
users,  diverse  branching  and  amplifiers 
will  be  needed.  When  the  overall  cost  is 
taken  into  consideration,  coaxial  cable 
svstems  are  le.ss  expensive  at  present. 

Hybrid  systems  using  optical  fiber 
cables  in  trunk  lines  and  using  coaxial 
cables  in  distribution  lines  are 
considt.-red  to  b<;  economical.  In  these 
systems  overhead  optical  fiber  cables, 
whose  installation  cost  is  low,  are 
required  for  trunk  lines. 

In  the  past,  overhead  optical  cables 
havt!  l)een  installed  by  suspending  them  on 
messenger  wire.  Wtu;n  the  number  of 
optical  fibers  in  cable  is  small,  this 
installation  mi’thod  inci-eases  the  instal¬ 


lation  cost  per  fiber. 

We  have  developed  an  overhead  optical 
fiber  cable  that  is  an  optica)  composite 
messenger  wire.  It  is  low  in  'cable  cost 
and  in  installation  cost  for  routes  that 
require  a  few  optical  fibers.  The 
transmission,  mechanical  and  installation 
characteristics  of  this  cable  have  been 
evaluated.  Suspending  another  cable  on 
the  new  cable  has  also  been  evaluated. 


2.  Cable  design 

In  designing  the  cable,  the  following 
points  were  taken  into  consideration. 

(1)  Replace  one  of  the  messenger  wire 
strands  by  an  metal-jacketed  optical  fiber 
that  a  metal  tube  contains  optical  fibers. 

(2)  Put  the  met  a  1 -jacket ed  optical 
fiber  in  the  center  of  1  x  6  array  to 
prevent  collapse  by  the  nose  suspension 
hardware . 

(3)  The  metal  tube  should  be  of  a  si^e 
that  can  contain  a  small  number  of  optical 
fibers  such  as  two  to  eight  fibers. 

(4)  Taking  corrosion  into  conside¬ 
ration,  the  metal  tube  material  must  be 
not  less  el ec t ropos i t i ve  than  zinc  and 
i  ron . 


Calvuized  steel  wire 
Z.aaOD 

Stainless  steel  tube 
2.IM».2.0alB 

2-fiber  ribbon 


Figure  1  Cross-sertiooal  structure  of  the  cable 
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(5)  Because  of  the  following 
conditions,  optical  fibei'  ribbons  are 
used , 

1)  Optical  fibers  must  be  unitized  as 
much  as  possible  to  minimize  the  differ¬ 
ence  of  excess  lengths  of  seieral  optical 
fibers  in  a  metal  tube. 

2)  The  numbei-  of  optical  fibei's  can 
be  constructed  in  multiples  of  two  for  the 
two-fiber  two-way  communications  in  a 
reduced  weight. 

3 .  Cable  st  ructure 

Figure  1  shows  the  cross-sect ional 
structure  of  the  tested  cable. 

The  stainless  steel  tube  2.6mm  in 
outer  diameter  and  2.0mm  in  inner  diameter 
contains  a  two-fiber  ribbon  using  1.3  /x  m 
single-mode  optical  fibers.  Six 
galvanized  steel  wires  were  wounded  around 
the  stainless  steel  tube. 


4.  Characteristics 

4.1  .Metal- jacketed  optical  fiber 

( 1 )  Tens i 1 e  test 

Figure  2  shows  the  relationship  among 
the  tensile  load,  metal  tube  elongation 
and  optical  fiber  elongation.  Young's 
modulus  of  the  stainless  steei  tube  was 
140(10kg/rara^  .  The  initial  e.xcess  length  of 
the  optical  fiber  was  U.((6X. 

(2)  lateral  pressure  tost 

Figure  3  shows  the  deformation 
quantity  of  stainless  steel  tube  and 
opt  ica 1 - f i ber  loss  variations  when  lateral 
pressure  was  applied.  The  metal  tube 
suddenly  started  to  deform  under  a  load 
larger  than  lOOkg/oUmra,  causing  the  metal 
tube  to  plastically  deform  or  collapse. 
Optical  fiber  transmission  losses  started 
to  increase  at  more  ttiaii  StOOkg/uOmin. 

From  the  result  of  the  deformation 
quantity  of  stainless  steel  tube,  optical 
fiber  losses  are  seemed  to  increase  after 
the  inner  surfaces  of  the  tube  started  to 
contact  the  optical  fibers. 

(3)  Bending  test 

Tile  met  n  I -jacket  ed  fibeis  were  wnuniied 
around  a  mandrel  of  YUmm  in  diameter  four 
turns.  Stainless  steel  lube  collapsing 
or  di-format  ion  or  optical  fiber  loss 
increases  could  not  be  fletected. 

The  <!able  was  repeatedly  bent  fiOmni  in 
diameter  .and  ±  90".  The  stainless  steel 
t  ul)e  did  not  break  after  it  w,as  bent  nine 
t imes  back  and  forth.  And  it  broke  after 
it  w/is  bent  ten  t  imes  or  more. 


TE.VS1LE  10.41)  (Itg) 


figure  2  Tensile  test  results 


L4TER.AL  PRESSIRE  (kg/Ma) 


Figure  3  Lateral  pressure  test  results 


-40  0  40  80 

TEMPERmiE  (’C) 

Figure  4  loss  increase  sith  temerature 
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(4)  Lobs  increase  with  teaperature 

Pifure  4  shows  the  transaission  loss 
variations  with  teaperature  when  the 
aetal-Jacketed  optical  fibers  were  wounded 
on  a  bobbin  300aa  in  diaaeter.  Loss 
variations  within  the  teaperature  range  of 
-40  to  +80*  C  were  less  than  ±  0.02dB/ka 
and  ±  0.05dB/ka  in  the  wavelengths  of  1.3 
U  m  and  1.55  u  m,  respectively. 

4.2  Optical  coaposite  cable 

(1)  Tensile  test 

Figure  5  shows  the  relationship  among 
the  tensile  load,  cable  elongation  and 
optical  fiber  elongation.  The  galvanized 
steel  strand  slackened  0.004X.  The  cable 
elongated  0.17X  under  the  tension  of 
1000kg.  Young's  modulus  calculated  based 
bn  the  cross  section  of  the  galvanized 
steel  strand  without  including  the 
stainless  steel  tube  was  I8500kg/mii^ .  The 
excess  length  of  the  optical  fiber  was 
0.0U6X. 

(2)  Lateral  pressure  test 

Figure  6  shows  cable  deformation, 
optical  fiber  loss  variations  and  residual 
deformation  quantity  of  stainless  steel 
tube  when  lateral  pressure  was  applied 
using  SOmm-width  flat  board.  Optical 
fiber  losses  did  not  increase  at  lateral 
pressure  of  lOOOkg/SOmm.  Compared  with 
stainless  steel  tube  alone,  the  same  tube 
was  well  protected  against  collapse  by  the 
galvanized  steel  wire  around  it. 

(3)  Loss  increase  with  temperature 

Figure  7  shows  the  variation  of 
transmission  loss  with  temperature  when 
the  cable  was  wound  on  a  drum.  The  loss 
variations  within  the  teaperature  range  of 
-10  to  +80* C  were  less  than  ±  0.03  and 
±  0.05  dB/km  in  wavelengths  of  1.3  and 
1.55  u  B,  respectively. 


5^.  Overhead  installation  characteristics 
5.1  Collapse  by  nose  suspension  hardware 

”L"  and  SS  nose  suspension  hardware 
are  generally  used  when  fixing  messenger 
wire  on  telephone  poles.  The  collapsing 
conditions  of  the  stainless  steel  tube 
when  the  cable  was  clamped  by  those  nose 
suspension  hardware  was  tested.  The 
results  of  this  test  are  shown  in  figure 
8. 

The  Stainless  steel  tube  collapsed 
when  the  bolt  tightening  torque  of  the  "1." 
nose  suspension  hardware  surpassed 
2.r>kg-m,  indicating  that  it  is  impossible 


Figurp  6  Utertl  pmsuit  test  results  of  cable 
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to  be  clamped  sufficiently. 

The  SS  nose  suspension  hardware  did 
not  cause  collapse  till  the  the  torque 
reached  9kg'm,  indicating  that  it  can  be 
clamped  suf f icient  l.v. 

Therefore,  SS  nose  suspension  hardware 
has  to  bo  used  when  fixing  the  cables  on 
poles. 

5.2  Midspan  tensile  test 

The  tension,  cable  sag  and  optical 
fiber  strain  when  the  cable  was  installed 
between  poles  in  span  T.om  were  measured. 

The  optical  fibers  were  fixed  onto  the 
stainless  steel  tube  at  both  ends  of  the 
cable.  The  cable  weighed  277g/m. 

A  coaxial  cable  in  outer  diameter 
15.3mm  and  weight  198g/in  was  suspended  on 
the  cable  using  hangers  to  evaluate 
effects  when  a  light  weight  cable  was 
i ns  t  a  1  led . 

Figure  9  shows  the  test  method.  A 
load  cell  was  attached  on  the  fixed  end 
side  and  another  ena  side  was  pulled  b.v  a 
winding  machine. 

Figure  10  shows  the  tost  results. 
Measured  and  theoretically  calculated 
values  of  cable  sag  well  coincided.  The 
tensile  strain  of  the  optical  fiber  did 
not  occur  under  a  tension  below  400kg. 
Under  tension  of  more  than  400kg,  optical 
fiber  strain  when  a  coa.xiai  cable  was 
suspended  was  greater  than  when  the  cable 
alone  was  installed. 

Although  the  optical  fiber  elongated 
0.07%  under  a  tension  of  400kg  in  the 
tensile  test  mentioned  in  section  1.2, 
the  optical  fibers  did  not  elongate  by  a 
raid  span  tensile  test  because  an  apparent 
excess  length  occurred  due  to  cable 
deflection  and  clearance  of  the  optical 
fiber  ribbon  inside  the  stainless  steel 
t  ube . 

5.3  Overhead  installation  test 

Fluctuation  of  optical  fiber  strain 

when  the  optical  fiber  cable  was  installed 
in  three  spans,  span  length  was  15m.  were 
measured  to  evaluate  overhead  installation 
performances  of  the  cable.  Both  ends  of 
optical  fibers  were  free  against  the 
cable.  Figure  II  shows  the  test  method. 

Figure  12  shows  fluctuation  of  optical 
fiber  strain  measured  during  the  test. 

(1)  When  one  end  of  the  cable  was 
fixed  on  a  pole  and  the  cable  was  slacked 
till  it  reached  the  ground,  the  initial 
value  of  the  optical  fiber  strain  was  set 
to  zero. 


to 


O  ”1"  nose  suspension  hardware 
•  SS  nose  suspension  hardware 


0  2  4  6 

CLAMPISfi  TORQUE  (kg  t) 


8 


i 


Figure  8  Deformation  by  nose  suspension  hardware 


Span  45a 


Figure  9  Ridspan  tensile  test  letbod 


TFSSILF  LOAD  (te) 

Figure  10  Results  of  lidspui  tensile  test 
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(2)  The  other  end  of  the  cable  was 
pulled  by  a  winding  machine  and  the  cable 
sag  was  adjusted  to  be  16cm.  The  maximuni 
optical  fiber  strain  fluctuation  occurred 
during  installation  work  while  pulling  the 
cable  by  the  winding  machine  and  it  was 
0.04X.  The  tension  of  approximately  800kg 
was  estimated  to  have  been  caused  during 
pulling  by  the  winding  machine. 

(3)  At  the  intermediate  poles  the 
cable  was  fixed  by  SS  nose  suspension 
hardware.  And  the  pulling  end  was  fixed 
by  a  clamp.  The  final  cable  sag  was  17cm 
on  the  fixed  end  side  and  at  the  interme¬ 
diate  part  and  was  22cm  at  the  pulling  end 
side.  After  Installing  the  cable,*  the 
residue  of  the  optical  fiber  strain  was 
nil. 

(4)  After  fixing  the  optical  fiber 
cable  on  the  poles,  a  coaxial  cable  was 
hanged  on  the  optical  cable  in  one  span  on 
the  fixed  end  side.  The  maximum  optical 
fiber  strain  fluctuation  was  0.02%  on 
average  for  three'  spans(135m).  Assuming 
that  all  the  strain  was  caused  in  one 
span(43m),  the  strain  would  be  0.06X. 

(5)  The  cable  sag  of  this  part  after 
suspending  on  the  hanger  was  31cm. 
Optical  fiber  strain  of  O.OIX  remained 
after  hanging  a  coaxial  cable. 


3.4  Loss  variations 

A  two-fiber  loop  was  formed  in  the 
installed  optical  fiber  cable  and  trans¬ 
mission  loss  variations  were  measured  over 
time  by  the  cut-back  method.  The  loss 
variations  were  less  than  O.OSdB/length 
and  equalled  measurement  errors. 


6.  Wind  pressure  load  evaluation 

Calculations  were  made  to  evaluate 
optical  fiber  strains  which  would  be 
applied  under  wind  pressure  load 
conditions  shown  in  table  1  and  for  the 
following  four  cases  because  of  the  combi¬ 
nations  of  installation  and  operating 
condit ions. 


Case  Installation 
season 

1  Winter 

2  Winter 

3  Summer 

4  Summe  r 


Operating 
environment 
Summer  (Case  A) 
Winter  (Case  B) 
Summer  (Case  A) 
Winter  (Case  B) 


The  tension  during  installation  was  used 
as  the  parametur. 


45m  45m  45m 

- X - - 


Fimire  li  Hidspan  installation  test  Kthod 


Figure  12  Results  of  overlMd  installation  test 


Figure  13  Traasmissioo  loss  variations  of  iostalled  cable 
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The  following  equation  was  used  to  eaicu- 
late  the  optical  fiber  strains.  The 
initial  excess  length  of  the  optical  fiber 
was  set  to  zero. 

£  =  T  /  (E-A)  +  a  ■  (t-tc.) 

where 

£  ;  Optical  fiber  strain 
T  ;  Cable  tension 
E  :  Young's  modulus  of  the  cable 
( 190n0kg/mra2) 

A  :  Cross-sectional  area  of 

2 

galvanized  steel  strand (3 1 . 88mm  ) 
a  :  Linear  expansion  coefficient  of 
the  cable  (1.2.‘j  x  10“^  deg  *) 
t  :  .Ambient  temperature  in  operation 
tc:  Normal  temperature  (2.^‘C) 

Figure  14  and  15  plot  Case  3  and  4 
which  showed  large  calculated  values  for 
optical  fiber  strain. 

The  tension  during  installation,  in 
which  the  optical  fiber  strain  was 
maintained  to  be  below  ().2X  in  all  cases 
were  as  foil ows ; 

Ambient  temperature:  -15  ~  +60' C 
The  new  cable  alone  5  900kg 

When  a  light  cable  was  suspended 

£  800kg 

Ambient  temperature:  -40  ^  +85' C 
The  new  cable  alone  £  700kg 

When  a  light  cable  was  suspended 

£  600kg 

It  shows  that  the  tensile  strain 
applied  to  optical  fibers  would  be  able  to 
be  maintained  below  0 . 2X  b.v  adjusting  the 
installation  tension  to  the  ambient 
temperature  during  installation. 


Table  1  Calculation  conditions  of  wind  pressure  load 


A*ient  ^  1)  Hinter  ;  -15'C  ,  Suaer  :  tWC 
.  teaerature  2)  Winter  :  -40’f  ,  S«MPr  :  +ffi’C 

.  Installation  i  1)  New  cable  alone 
'  condition  2)  A  light  weight  rafale  is  suspended 

(Outer  diaaeter  15. 3ai, weight  I98g'i)  i 

I  I  1)  fase  A  :  Suaer  | 

'  Wind  pressure  '  Wind  pressure  100  kg/a^  ' 

( 

I  condition  i  2)  fase  B  :  Winter  | 

'  Wind  pressure  50  kg/a^ 

j  I  .Snow  fall  ta  in  depth  i 

’  i  0.»  g/t*"*  I 


TENSION  DLULNC  I.NSTAIUTIOS  (kg) 


Installation  In  operation  Cable  alone  with  a  light  weight 
season  cable  suspended 

Suaer  -+  Suaaer(Case  A)  C  • 

Suaaer  -+  VinteriCase  B)  Z  ■ 


Figure  14  Optical  fiber  strain  under  wind  pressure 
(Aabient  teaperature;  -15  ~  +80'C) 


0  2  00  400  600  800  '.‘.■O'-. 


TENSION  n'RlNG  INSTALLATION  (kg) 

Installation  In  operation  Cable  alone  with  a  light  weight 
season  cable  suspended 

Suaer  -*  Saar(Case  A)  C)  • 

Suaer  -*  WinterlCase  B)  Z  ■ 

figure  15  Optical  fiber  strain  under  wind  pressure 
(Anbient  leapemture;  -40  ~  ♦B.S'C) 
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The  tensile  strain  applied  to  the 
optical  fiber  can  be  relaxed  by  providing 
an  excess  length  of  the  optical  fiber  in 
the  metal  tube.  An  apparent  excess  fiber 
length  caused  by  the  installed  cable 
deflection  and  clearances  between  the 
optical  fiber  and  the  metal  tube  also 
relaxes  the  tensile  strain. 


Shigeo  SBIMIZI' 

The  Fur«*’4wa  Electric 
Co.,  Ltd. 


6, fawatakaigandori , 

I chibara. Chiba. 290, Japan 


7.  Conclusion 

Optical  fiber  composite  messenger  wire 
cable  was  developed  and  tested. 

The  cable  transmission  and  mechanical 
characteristics  were  full.v  satisfactory  as 
optical  fiber  cable. 

The  installation  experiment  results 
confirmed  the  following; 

•The  optical  fiber  cable  can  be 
installed  on  poles  using  SS  nose 
suspension  hardware. 

•Strain  applied  to  optical  fibers 
during  installation  was  of  a  level  that 
would  present  no  practical  problems. 

From  the  results  of  the  wind  pressure 
load  of  case  A  and  B  at  the  temperature 
range  from  -40  to  +85*0,  optical  fiber 
strain  can  always  be  maintained  below 
0.2%  by  adjusting  the  installation 
tension  to  the  ambient  temperature. 
Optical  fiber  strain  can  likewise  be 
always  maintained  below  0.2%  even  if  a 
light  weight  and  thin  cable  (below  approx. 
200g/m  in  weight  and  approx.  15mm  in 
outer  diameter)  such  as  coaxial  cables  and 
other  optical  fiber  cables  is  suspended  on 
the  optical  cable. 

From  tnese  results,  it  was  confirmed 
that  this  cable  can  be  installed  overhead 
by  the  same  method  as  that  for  messenger 
wi  re. 
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WITHOUT  C  II  I.  ORO  K  L  U  O  K  O  C  A  R  B  O  N  (CFO 


K.  SAKAMOTO  M.  S  U  G  I  M  U' R  A  I.  KOBAYASHI  &  S.  II  AY  AS  HI 


TIIK  FURUKAWA  KUKCTRIC  CO..  LTD. 
CHIB  A  J  A  1’  AN 


A  b  s  t,  r  a  c  r 

CFC  (Chlorofluorocarbon)  had  been  useful  as  foaming 
agent  for  high  expansion  insulated  core  of  thin 
wall  thickness  and  toughness. But  it  shall  be  surely 
abolished  within  coning  a  few  years  caused  by 
decomposition  of  ozone. Therefore  we  have  teen 
developing  the  substitute  for  CFC. 

There  were  much  relations  between  boiling  point, 
viscosity  of  organic  solvent  and  expansion  ratio, 
deformation  ratio  respectively. And  only  alcohol  had 
different  expansion  actions  against  to  other  solvents, 
and  each  solvent  were  classfied  by  expansion  actions 
such  as  expansion  ratio. deformation  tat/'o  (toughness) 
surface  appearance  and  number  of  cells  in  the 
insulat ion. 

We  had  not  developed  new  independent  solvent  replace 
of  CFC  which  had  satisfied  both  high  expansion  ratio 

(more  than  60%)  and  low  deformation  ratio  (less 
than  10%)  .However  we  had  discovered  especially  new 
combinated  solvent  that  had  enough  satisfied 
above-mentioned  properties, and  so  it  could  be  got 
prospects  of  utilization  for  CFC, 


Then  in  order  to  be  satisfied  higher  VCP  and  lower  Zo 
need  it  for  lower  i,  (i.e. higher  expansion  ratio)  , 
smaller  insulated  core  diameter  (i.e, tinner  wall 
thickness)  and  more  thoughness  of  insulated  core 
(i.e, lower  deformation  ratio)  .If  so, we  are  able 
to  use  more  useful  and  effective  high  speed  propagation 
coaxial  cable.  Then  toughening  insulated  core  is 
especially  necessary  to  prevent  the  mechanical  damege 
from  manufacturing  on  each  process. 

CFC  generates  minute  and  many  cells  in  the  insulation, 
so  it  has  been  available  for  such  a  insulated  core 
manufacturing. But  if  is  regretted  that  utilization  of 
this  technology  by  CFC  should  be  cut-down  immediately 
for  the  prevention  of  environment  pollution. 

Concreatly  speaking  as  you  may  know  well  that  CFC 
decomposes  ozone  at  the  stratosphere.it  shall  be 
surely  abolished  coming  a  few  years.So  we  present  you 
epochal  new  gas  foamed  technology  “’ithout  CFC. 

2 .  K  ('  <i  II  i  r  (■  m  (!  n  t  s  for  Cable 
and  Insulated  c  o  r  t: 


1.  Iniroducl,  ion 

CFC  (Chlorofluorocarbon)  gas  foamed  processing 
technology  has  been  carried  out  for  more  than  20years. 
resulting  (or  wire  and  cable  Industrial  applications 
such  as  insulated  core  in  the  wire/cable  used  for 
computer  wiring, CATV  transmission  line  and  common 
communication  line  etc. 

In  fact. this  gas  foamed  technology  had  become  a 
especially  necessary  method  to  the  high  speed 
propagation  coaxial  cable  producting  as  it  offers  more 
advantage  and  more  effectiveness  over  the  conventional 
cable's  properties. 

The  most  important  properties  of  such  cables  are 
velocity  of  propagation  (VOP)  and  characteristic 
impedance  (Zo)  .And  recently. we  have  made  requests  to 
coaxial  cables  and  wires  for  higher  VOP  and  lower  Zo. 
VOP  and  Zo  are  given  as  follows, 


VOP  = 

V  f  1 

X  100 

(%) 

(eq.l) 

Zo  = 

X  log  j 

(«) 

(eq.2) 

V  f  ! 

d; 

Z.l.Rcquiromi'r.  Is  for 

a  C  a  b  1  (' 

(1)  High  speed  propagation  property 

•  Velocity  of  propagation  (VOP)  S85% 

(2)  Low  characteristic  impedance  (Zo) 

•  Zo  :  50-90 H 

2 . 2  .  R  i:  q  II  i  r  0  m  o  n  V  s  lor 

a  I  ;  .  s  u  1  a  1.  <:■  d  core 

(  o  X  i>  0  r  i  I'  n  1  I  y  ' 

(so  as  to  satisfy  above-mentioned  requirements 
for  the  cable) 

(1)  Low  effective  relative  dielectric  constsnt 
(r  ,)  .I.e. High  expansion  ratio  (E.R.) 

•  f  .  S  l.«  E.R.  S  60% 

(2)  Small  outer  diameter  of  a  insulated  core  (0.0. > 

■  O.D.  £  1.0mm 

(3)  Low  deformation  ratio  (D.R.) 

•  D.R.  £  10% 


where,  f  ,  :  Effective  relative  dielectric  constant 

(-) 

d:  :  Outer  diameter  of  conductor  (mm) 

d  :  Insulated  core  diameter  (mm) 
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3.  Previous  Foaming 
Tec  tw'  1  o  gjr  {LP-  P-V  ^ 

3  ,  1  ,  1 1  C  F  ('  (  M  y  tl  r  o  i-  h  I  o  r  o  f  1  u  o  r  r  b  «  ii  > 

HCFC22.one  of  HCFC  group, generates  minute  and  many 
cells  in  the  insulation  as  CFC.and  it  is  recomended  to 
substitute  for  CFC.But  HCFC  also  decomposes  a  little 
ozone. and  will  be  abolished  coming  in  a  few  years.So 
we  should  not  use  HCFC  even  no-abolishment. 

3 . 2  .  N  .  C  Ci 

N:  (Nitrogen  gas)  and  CO.  (Carbon  dioxide)  have  been 
used  for  the  foaming  agent  based  on  its  harmlessness, 
safety  and  cheapness. But  they  are  not  able  to  generate 
minute  cells  in  the  insulation  and  not  to  be  injected 
precisely  caused  on  the  measurnent  their  injection 
volume  by  a  gas  flow  meter  or  a  pressure  regulator. If 
vapor  pressure  of  gaseous  foaming  agent  is  low, they 
are  liquefied  with  comparative  low  pressure  and  is 
able  to  inject  precisely  with  a  precision  pump.  But 
the  vapor  pressure  of  N  and  CO.  is  very  high  (shown 
in  Fig.')  , therefore. N:  and  00:  are  no  use  for  a  thin 
wall  thickness  and  high  expanded  insulation. 

3^  .Organic  s  o  l_v  e  n_t 

Organic  solvent  has  been  also  used  for  foaming  agent. 
But  there  is  no  report  that  organic  solvent  realized 
an  insulated  core  with  high  expansion  ratio, thin  wall 
thickness  and  thoughness. However  we  have  expected  that 
organic  solvent  shall  be  substitute  for  CFC, 


[•  i  g  .  1 

The  Relation  between 
Temperature  &. 
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4.  Experimental  Results 

We  have  used  organic  solvents  in  place  of  CFC  foaming 
agent  which  were  comparative  low  cost  and  easy 
treatment. But  there  were  some  noxious  and/or 
dangerous  solvents, therefore  we  had  to  select  mote 
innocuous  and  safer  one.  And  we  used  low  density 
polyethylene  as  base  polymer. 


4  .  I  .  S  i  n  g  1  e  s  o  J  v  e  n  I 

At  first. we  examined  expansion  actions  of  single 
solvent. Fig.2  shows  the  relation  between  the  expansion 
ratio  and  the  deformation  ratio  with  each  solvent, but 
there  was  no  solvent  satisfied  both  the  expansion 
ratio  of  more  than  60%  and  the  deformation  ratio  of 
less  than  10%  (The  expansion  ratio  described  in  this 
paper  is  the  maximan  value  with  such  single  solvent. 

And  the  deformation  ratio  described  in  this  paper  is 
the  value  of  specimen  having  the  maximam  expansion 
ratio. And  methods  of  measuring  the  expansion  ratio  and 
the  deformation  ratio  shall  he  described  in  the 
following  items  b.) 

But, when  we  used  CFC  as  foaming  agent, the  expansion 
ratio  would  be  more  than  60%  and  the  deformation 
ratio  would  be  less  than  10%. 

Then. we  investigated  the  expansion  actions  of  single 
solvent  minutely, and  it  was  clear  boiling  point  and 
viscosity  of  solvent  influenced  expansion  ratio  and 
deformation  ratio.Fig.3  shows  the  relation  between 
boiling  point  and  expansion  ralio.Fig.A  shows  the 
relation  between  boiling  point  and  deformation  ratio. 
Fig.5  shows  the  relation  between  viscosity  and 
expansion  ratio, and  Fig.6  shows  the  relation  between 
viscosity  and  deformation  ratio. 

It  was  suggested  that  the  higher  boilnig  point  of 
viscosity  realized  the  large  expansion  ratio  or 
deformation  ratio. But  the  correlation  coefficients 
(absolute  value)  were  not  so  large  (shown  in 
Table. 1)  .especially  in  case  of  viscosity. But  if  we 
stratified  alcohol  from  others, the  correlation 
coefficients  were  large  (absolute  value)  . 

Therefore  it  was  clear  that  there  were  correlation 
between  boiling  point, viscosity, expansion  ratio  and 
deformation  ratio, and  then  only  alcohol  had  different 
expansion  actions  asxrng  the  solvents. that  is, the  high 
expansion  ratio  was  given  by  alcohol  even  if  the 
viscosity  was  rather  high. notwithstanding, such  high 
expansion  ratio  was  never  given  by  other  solvent  of 
rather  high  viscosity. 

Fig.7  shows  the  relation  between  boiling  point  and 
viscosity  of  solvent  we  examined.lt  was  also  clear 
only  alcohol  had  different  actions. 

Then  we  classified  the  solvent  to  some  typies 
according  to  the  expansion  actions  which  were  surface 
appearance  of  in.sulated  core. number  of  cel Is.expanston 
ratio  and  deformation  ratio  (toughness)  .And  the 
typies  were  Type  A. Type  B  and  Type  C.And  Type  B  was 
further  classfief  to  Type  BI  (without  alcohl'  and 
Type  BII  (only  alcohol)  .based  on  the  differences 
between  boiling  point  and  viscosity  of  Type  BI  and 
Type  BII. and  the  e.xpectalion  that  alcohol  and  others 
were  going  to  cause  different  expansion  actions  in 
case  of  mixed  solvent. 

The  characteristics  of  each  Type  were  shown  in  Table 

2. 
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Fir, 8  shows  the  classification  each  solvent  to  Type  A 
Bl  ,B1I  and  C.and  Photo.U4  show  the  representative 
cross  section  of  each  Type, and  Photo.S  shows  the 
comparative  cross  section  of  CFC. 
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The  Relation  between 
Viscosity  and  Expansion  Ratio 


r 

i  c-o 

1  0  o 

«  0 

1 

o 

r  0 

1  o 

1  o 

o 

!  o 

1  o 

o 

VISCOSITY  (cP) 
©  alcohol  O  others 


F  i  g.  4 

The  Relation  between 
Boiling  Point  and 
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4. 2. Mixed  Solven t 
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Next  we  examined  the  expansion  actions  of  mixed 
solvent  that  was  the  combination  of  two  kinds  of  equal 
mole  solvent. There  were  nine  combinations  of  each 
solvent  and  they  were  shown  as  in  Table  3  (No.1^.9)  . 
The  combination  of  two  kinds  of  Type  A  did  not  exist 
in  our  experiment  caused  by  only  one  solvent  belonging 
to  Type  A. 

The  results  of  expansion  actions  of  each  combination 
are  shown  in  Table  3. And  we  got  the  following 
understanding  through  our  test  products  ; 

(1)  Only  No.l  (Type  A— Type  BI  )  gave  an  insulated 
core  satisfied  ali  of  our  requirements. 

(2)  No. 4  (Type  BI  —Type  B  I  .where,  two  Type  Bis 
means  two  kinds  of  Type  BI  )  and  No. 6  (Type  B  1  —  " 

Type  C)  satisfied  almost  enough  our  requirments  except 
the  expansion  ratio  was  a  little  low. 

(3)  The  solvent  belonged  to  Type  BII  was  available 
for  high  expansion  ratio  (more  than  65%)  .but  not 
available  for  deformation  ratio  and  surface  appearance 
of  insulated  core. 

(4)  The  solvent  belonged  to  Type  C  was  not  available 
for  high  expansion  ratio  based  on  the  exsitence  of 
very  few  cells. 

Photo. 6-wl4  show  the  representative  cross  section  of 
each  combination. 
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Table  3, 

Expannsion  Actions  of  Mixed  Solvent 
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4. 3. Cons  iderat  ions 

(1)  Single  Solvent 

The  high  expansion  ratio  was  given  by  the  solvent 
Types  A.BI  and  BII  .based  on  the  existence  of  many 
cells  in  the  insulation. All  these  solvents  have  low 
boiling  point  and  viscosity. 

The  low  deformation  ratio  was  given  by  only  Type  C. 
T>ased  on  low  expansion  ratio. 

This  low  deformation  property  was  not  given  by  Types 
A.BI  and  BII 

Smooth  surface  appearance  of  insulated  core  was  given 
by  Types  A  and  C.based  on  existence  of  very  minute 
size  of  cells  in  the  insulation. 

(2)  Mixed  Sovents 

The  reason  No.l  (Type  A-Type  BI )  satisfied  aIHJr'~ 
our  requests  was  caused  fagr  the  arrangement  of  many  two 
site  of  cells  densely  and  property  in  the  insulation. 
We  understood  the  actions  of  solvents  as  follows; 
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ABSTRACT 

A  new  class  of  water  absorbent 
materials  developed  for  use  as  copper 
cable  filling  compounds  and  as  splice  case 
encapsulants  has  been  investigated.  These 
materials  incorporate  superabsorbents  into 
more  conventional  products  to  give 
compounds  capable  of  providing  superior 
waterproof  performance.  In  addition,  these 
new  materials  possess  the  unique  ability 
to  heal  shorts  which  can  occur  if  small 
flaws  are  present  in  the  conductor 
insulation. 

The  formulation  technology  and  the 
mechanisms  by  which  these  materials 
function  are  explained.  The  properties 
investigated  include  the  ability  to 
withstand  various  water  heads,  short 
elimination  as  a  function  of  flaw  size, 
dielectric  constant  stability  in  the 
presence  of  moisture,  the  capacitance 
stability  of  twisted  pairs  immersed  in  the 
filling  compound  at  60°C,  the  oxidative 
induction  time  of  conductor  insulation  in 
aged  cables,  and  other  properties 
important  to  cable  and  splice  performance. 


INTRODOCTIOM 

For  a  number  of  years,  both  ETPR  and 
PEPJ  compounds  have  been  used  to  fill  the 
cores  of  copper  telecommunications  cables 
designed  for  buried  applications.  Splice 
case  encapsulants  have  consisted  primarily 
of  two-part  polyurethanes.  Although 
referred  to  as  "waterproof,"  these  systems 
are  in  reality  only  "water  resistant."  For 
example,  current  cables  cannot  always  meet 
the  industry  three  foot  water  head 
requirement,  even  while  work  continues  to 
achieve  the  objective  of  withstanding  a 
twelve  foot  water  head. 

In  the  past  several  years  water 
absorbent  materials,  often  referred  to  as 
superabsorbents,  have  come  into  use  as  a 
means  of  blocking  the  ingress  and  flow  of 
water  in  telecommunications  cable. Such 
materials  have  included  tapes  impregnated 


with  superabsorbents ,  water  absorbent 
fibers,  and  now  water  absorbent 
thixotropic  gels  (ATGs) .  The  ATG  products, 
developed  and  marketed  by  Waterguard  Cable 
Products,  exist  in  slightly  different 
forms,  dependent  on  whether  their  intended 
use  is  as  a  copper  cable  filling  compound, 
as  a  flooding  compound  for  optical  fiber 
cable  or  as  a  splice  encapsulant. 
Functionally,  ATGs  combine  the 
technological  advantages  of  both 
traditional  filling  compounds  and 
superabsorbents  to  give  a  significantly 
improved  "waterproof"  system. 

The  purpose  of  this  paper  is  to 
examine  the  properties  of  ATG  compounds 
both  in  terms  of  existing  industry 
requirements  as  well  as  potential  product 
performance  advantages.  Where  possible, 
explanation  of  behavior  mechanisms  is 
given. 

HOW  ATGS  WORK 

As  mentioned  above,  ATGs  combine  the 
advantages  of  traditional  filling 
compounds  and  superabsorbents.  Traditional 
filling  compounds  such  as  ETPR  and  PEPJ 
block  water  by  void  exclusion. 
Superabrorbents  swell  to  form  a  rigid  gel 
which  blocks  further  water  ingress.  ATGs 
function  in  both  the  above  manners  to 
provide  two  methods  of  blocking  water 
ingress.  Additionally,  ATGs  have  the 
ability  to  eliminate  shorts  which  occur 
when  water  comes  into  contact  with  small 
pin  holes  or  flaws  in  conductor 
insulation.  This  property,  referred  to  as 
self-healing,  is  discussed  in  more  detail 
later  in  the  paper. 


FORMOLATIOM  CHEMISTRY 

The  water  absorbent  gels  which  are 
the  subject  of  this  paper  more  closely 
resemble  the  filling  compounds  for  optical 
fiber  cable  in  their  chemistry  and 
rheological  properties  than  they  do  either 
ETPR  and  PEPJ  filling  compounds  or  the 
two-part  polyurethane  encapsulants.  These 
new  compounds,  like  optical  fiber  cable 
filling  compounds,  are  thixotropic.  The 
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primary  components  are  a  petroleum  based 
oil,  a  thixotrope  and  a  constituent  that 
is  commonly  referred  to  as  a 
superabsorbent.  The  superabsorbents  are  in 
the  same  class  of  crosslinked  polyacrylate 
copolymers  used  in  water  blocking  tapes 
elsewhere  in  the  cable  industry.  In 
addition  to  the  above  components,  other 
minor  ingredients  are  added  to  provide  the 
property  balance  required. 

In  the  gel  matrix,  the  superabsorbent 
remains  as  a  particulate  as  opposed  to 
being  in  solution.  Trapped  in  this  manner, 
the  absorbent  remains  uniformly 
distributed.  However,  because  the 
superabsorbent  exists  as  a  particulate,  it 
is  of  primary  importance  that  the 
particulates  be  small  enough  to  prevent 
size  exclusion  during  the  cable  filling 
process.  Also,  because  of  the  particle 
nature  of  the  absorbent,  the  molecule  has 
limited  mobility  and  therefore  does  not 
contribute  significantly  to  the  dielectric 
constant.  This  later  property  is  extremely 
important  in  copper  cable  filling 
compounds . 

From  the  above  description,  one  might 
assume  that  a  simple  blend  of  an  optical 
fiber  type  filling  compound  with  a 
superabsorbent  would  suffice  as  a  water 
absorbent  gel.  This,  however,  is  not  the 
case.  Such  a  compound  would  not  absorb 
water.  What  is  further  required  is  a  means 
of  getting  the  water  to  the  surface  of  the 
absorbent  through  the  hydrophobic  grease 
surrounding  the  individual  absorbent 
particles.  To  achieve  this  property 
without  allowing  water  to  rapidly  wick 
through  the  gel  and  without  increasing  the 
dielectric  constant,  is  an  important 
property  of  these  materials. 

PROPERTY  CHARACTERIZATION 

This  section  contains  ATG 
characterization  data  relevant  to 
properties  that  are  measured  external  to 
the  cable  environment.  The  topics  covered 
include:  (1)  a  discussion  of  the  physical 
properties  generally  included  in  a 
materials  specification, (2)  an  examination 
of  the  self-healing  phenomena,  (3)  data 
demonstrating  the  inherent  water 
absorption  capability  of  ATGs,  and  (4) 
testing  relevant  to  the  stability  of  the 
dielectric  constant  in  the  presence  of 
moisture . 


SPECIFICATION  PROPERTIES 

Typical  properties  for  the 
encapsulant  and  filling  compound  are  given 
in  Table  I.  As  can  be  seen  from  viscosity 
and  penetration  data,  the  encapsulant  is 
signif icantly  stiffer  than  the  filling 
compound.  The  greater  stiffness  of  the 


encapsulant  assists  in  limiting  water 
penetration  into  the  splice.  In  the  cable 
configuration,  the  tightly  packed 
conductors  in  conjunction  with  the 
filling  compound  limit  water  penetration 
at  high  water  heads.  As  a  result,  the 
filling  compound  does  not  need  to  be  as 
rigid  as  the  encapsulant.  Experimental 
data  illustrating  the  above  is  given  in 
the  section  on  water  penetration.  It 
should  also  be  noted  that  both  compounds 
remain  soft  at  low  temperature.  This 
property  is  important  in  low  temperature 
handling. 

TABLE  I 

ATG  PROPERTIES 


Property 

ATG 

FILL. 

CPD. 

ATG 

ENCAP. 

ETPR 

Dielectric  Constant 
(DC  measurement) 

2.25 

-3.0 

2.06 

Dielectric  Constant 
§  IMHZ  (ASTM  D150) 

* 

- 

2.27^ 

Dissipation  Factor 
e  1  MHz  (ASTM  D150) 

- 

0.0000* 

Volume  Resistivity 
e  1  MHz  (ASTM  D150) 

* 

-  1, 

.2  X  10^®* 

Viscosity,  scale  read, 
e  RT  (Brookfield 

RVT,  TD,  0.5  rpm) 

35-43 

>100 

na 

Penetration,  dmm 
(ASTM  D217) 
e  RT 

e  o°F 

315 

220 

230 

155 

124* 

93* 

oil  Separation,  % 

(Ihr  @  15,000  rpm) 

nil 

nil 

na 

Water  Absorption,  min. 

6 

4 

na 

(lOq  vater  by  15q 
ATG  in  A1  weigh  pan) 


Oxid. Ind. 
Time,  min. 


e200°C 

- 

17 

§220°C 

>50 

a.  A.C.  Levy  &  R. 

Sabia,  31st  IWCS  (1982), 

p.313 

The  electrical  properties  for  the 
filling  compound  are  in  the  range  of  what 
is  obtained  for  ETPRs.  However,  ETPRs  are, 
on  the  average,  lower  in  dielectric 
constant  than  is  the  ATG  filling  compound. 
As  a  result,  the  mutual  capacitance  in 
cables  made  with  ATG  could  be  -1  nF/mile 
higher  than  an  ETPR  cable  with  the  same 
construction. 

With  thixotropic  gels  one  does  not 
have  to  worry  about  high  temperature  cable 
drip  if  there  is  no  syneresis  (oil 
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separation) .  Such  behavior  occurs  because 
thixotropic  materials  are  temperature 
insensitive  as  compared  with 
thermoplastics.  However,  syneresis  can  be 
problem.  The  data  in  Table  I  would 
indicate  excellent  performance  by  both  ATG 
products.  To  put  these  numbers  in 
perspective,  thixotropic  gels  used  to  fill 
optical  fiber  cable  characteristically 
exhibit  much  higher  oil  separation  than 
ATGs. 

Water  absorption  data  given  in  Table 
I  is  typical  of  product  which  has  been 
found  to  be  functional  in  cable  and  splice 
tests.  No  standards  for  performance  have 
been  set  for  this  property. 

The  oxidation  induction  time  (OIT) 
for  ATG  products  is  excellent.  The  OIT  for 
ETPR  is  generally  measured  at  only  200°C 
whereas  these  data  are  reported  at  220°C. 


SELF-HEALING 

Self-healing  provides  a  dimension  to 
filling  compound  and  encapsulant 
functionality  that  is  not  available  with 
traditional  materials.  The  mechanism  is  as 
follows. 

When  water  comes  into  contact  with  a 
flaw  in  the  conductor  insulation,  a  short 
occurs.  The  water  is  then  taken  up  by  the 
superabsorbent  in  the  ATG  to  form  a  rigid 
gel  around  the  flaw.  The  superabsorbent  at 
the  same  time  starts  to  electroplate®  on 
the  conductor  which  functions  as  the 
anode.  The  water  previously  bound  by  the 
now  deposited  superabsorbent  must  find  a 
new  home.  It  therefore  flows  away  from  the 
area  of  the  flaw  into  the  balance  of  the 
superabsorbent/gel  matrix.  As  a  result 
there  is  now  a  void  (air  or  gas  gap) 
around  the  flaw  (not  water)  and  the  short 
terminates.  Elimination  of  the  short  is 
due  to  both  insulation  of  the  exposed 
copper  with  deposited  absorbent  layer  as 
well  as  formation  of  the  air  gap.  The 
degree  to  which  each  mechanism 
participates  has  not  been  determined. 
Experimental  data  illustrating  the  above 
sequence  is  presented  in  Figures  1  and  2. 

The  test  cell  configuration  was  as 
follows.  Filling  compound  was  placed  in  a 
shallow  plastic  pan  to  a  depth  of  about  1 
cm.  The  flaw  area  of  an  insulated 
conductor  was  placed  at  the  surface  of  the 
filling  compound.  This  wire  was  connected 
to  the  positive  terminal  of  a  48  volt 
battery.  A  second  length  of  wire  having 
one  inch  of  bare  copper  was  used  to 
provide  the  cathode.  The  cathode  was 
connected  to  the  battery  in  series  with  a 
microammeter.  In  Figure  ,  the  flaw  was  a 
cut  end  (crossection)  of  a  22  gauge 
insulated  conductor.  In  Figure  2,  the  flaw 
consisted  of  -2mm  of  insulation  removed 
from  the  circumference  of  the  conductor. 


TIME,  min. 


Figure  i.  self-healing  test  -  22  gauge 

CROSS-SECTION  FLAW 


Figure  2.  SELF-HEALING  TEST,  2MM  FLAW 


To  start  the  test,  deionized  water 
was  added  to  the  cell  to  a  depth  of 
approximately  3/4  cm.  As  ions  were 
provided  to  the  water  by  superabsorbent, 
the  current  increased  as  shown  in  the 
figures.  At  approximately  five  minutes 
into  the  test,  the  water  was  gelled  and 
the  current  began  to  drop.  At  that  time,  a 
blue  deposit  was  also  visible  at  the 
surface  of  the  flaw.  This  deposit  is  the 
copper  salt  of  the  superabsorbent 
molecule.  With  the  smaller  of  the  two 
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flaws.  Figure  1,  current  ceased  to  flow  in 
-  20  minutes.  With  the  2min  flaw,  the 

current  flow  was  2  microamps  at  120 
minutes.  In  both  cases,  small  voids  around 
the  flaw  could  be  seen.  Whether  or  not  the 
flaw  would  completely  heal  in  the  second 
test  was  not  determined.  In  a  third  test, 
11  mil  thick,  1x5  cm  copper  strips  were 
used  as  the  electrodes.  In  this  case  the 
size  of  the  strip  was  sufficient  to 
totally  remove  the  gel,  thereby  exposing 
the  electrode  covered  by  the  deposited 
blue  layer.  The  weight  loss  (lost  copper) 
of  the  electrode  in  this  case  was  0.25%. 

What  is  apparent  from  the  data  is 
that  the  ability  and  time  required  to 
eliminate  a  flaw  depends  on  the  size  of 
the  flaw.  The  larger  the  flaw,  the  more 
difficult  it  is  to  complete  the  void 
required  to  terminate  current  flow. 
However,  based  on  these  data,  the  self- 
healing  would  be  complete  for  any  flaw 
exclusive  of  what  might  exist  in  the  case 
of  major  cable  damage. 


WATER  ABSORPTION 


As  previously  mentioned,  the  manner 
in  which  superabsorbents  function  is  to 
rapidly  swell  when  contacted  with  water  to 
form  a  rigid,  instantaneous  block. 
However,  as  long  as  an  excess  of  water 
under  pressure  remains  in  contact  at  the 
block  point  there  must  be  a  slow  diffusion 
of  water  through  the  absorbent  or 
absorbent  containing  matrix.  Figures  3-5 
illustrate  such  data.  The  inside  diameter 
of  the  tube  in  all  tests  is  5/16  in.  The 
penetration  number  reflects  visible 
movement  of  the  boundary  between  the  water 
swelled  layer  and  the  test  compound. 

Figure  3  illustrates  how  water  moves 
through  ATG  as  a  function  of  water  head. 
As  can  be  seen  there  is  a  significant 
difference  as  both  a  function  of  head  and 
type  of  compound.  The  encapsulant  performs 
better  than  the  filling  compound  because 
it  is  a  stiffer  product. 

Figure  4  shows  the  penetration  rate 
at  12  feet  in  several  test  configurations. 
The  purpose  of  this  figure  is  to 
illustrate  the  effect  of  packing  of  the 
conductors  in  the  cable  on  water 
penetration  into  the  cable  core.  Curve  A 
is  the  control  which  is  also  shown  in 
Figure  3 .  The  test  structure  of  curve  B 
has  a  1  inch  depth  of  20-30  mesh  sand 
placed  on  top  of  the  filling  compound. 
Condition  B  represents  a  tighter  packing 
than  Condition  A.  In  test  C,  pure 
superabsorbent  is  used  in  the  tube.  This 
test  is  still  in  progress. 
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Figur*  3.  WATER  PENETRATION  FOR  FILLING 
COMPOUND  AND  ENCAPSULANT 


100 


E 

E 

I 

I- 

0. 

UJ 

o 

z 

o 

I- 

< 


z 

UJ 

a. 


801- 


60f 


40  f 


20 


-f- 


-4- 


4- 


■+- 


0  20  40  60  80  1 00 

TIME,  days 


o 

o . 

0 

o 

0 

o 

o 

0 

O 

O 

o 

o 

1 

o 

o 

o 

0 

0 

o 

o 

<fib° 

0 

□ 

□ 

p 

°  A, 
°  B. 

O  c. 

CONTR 

SAND 

ABSOR 

>- 

z 

J  u 

-  n  m 

f  ■ 

Figurs  4.  WATER  PENETRATION  AT  12  FOOT 
WATER  HEADS 


International  Wire  &  Cable  Symposium  Proceedings  1991  245 


What  is  demonstrated  in  Figure  4  is 
that  as  the  packing  increases,  the 
tendency  for  the  superabsorbent  to  become 
trapped  in  the  packing  material  increases 
and  the  result  is  a  lower  rate  of  movement 
of  the  boundary  layer.  In  the  case  of  a 
cable,  the  packing  is  so  tight  that  the 
rate  of  penetration  is  much  reduced  over 
any  of  the  tube  test  cases.  For  example,  a 
cable  kept  under  a  20  foot  head  for  7 
months  showed  ~  65  mm  water  penetration. 
In  the  worst  case  tube  test,  the 
equilibrium  penetration  rate  is  -12mm  (0.5 
in.) /month.  Keep  in  mind  that  to  pass  the 
industry's  proposed  12  foot  water  head 
test,  water  is  not  permitted  to  flow  more 
than  8  feet  in  24  hours  (-240  feet/month). 
It  is  also  interesting  to  note  that 
movement  of  water  through  the  pure 
superabsorbent  is  intermediate  between  the 
encapsulant  and  filling  compound. 


the  cable  is  likely  to  see.  For  example, 
the  question  as  to  whether  or  not  water 
migrates  to  any  degree  past  the  front 
where  swelling  is  apparent  must  be  asked. 
Two  tests  where  conducted  to  answer  this 
question;  one  intermediate  term  at  high 
temperature  and  high  humidity,  and  the 
other  long  term  at  room  temperature  in 
contact  with  water. 

In  the  first  test,  an  aluminum  pan 
filled  with  the  filling  compound  was 
placed  in  a  70°C/  95%  RH  environment  for 
21  days.  The  dielectric  constant  was  then 
measured  as  a  function  of  depth  below  the 
surface.  The  test  was  also  run  on  the 
encapsulant.  Data  are  plotted  in  Figure  6. 
In  the  second  test,  the  dielectric 
constant  was  run  on  the  filling  compound 
after  conclusion  of  the  test  described  for 
Figure  5  data. 


Figure  5  illustrates  the  case  in 
which  a  small  head  of  water,  in  this  case 
30  mm,  is  placed  on  top  of  the  ATG  and 
then  capped  with  aluminum  foil.  The 
penetration  into  the  filling  compound  is 
then  measured  as  a  function  of  time.  The 
data  indicate  that  penetration  rate  for 
the  filling  compound  drops  below  Imm/month 
after  about  4  months.  The  rate  for  the 
encapsulant  is  slightly  higher. 

Based  on  these  data,  one  could  expect 
true  "waterproof"  performance  with  ATGs 
under  any  water  head  that  might  occur  in 
the  terrestrial  plant. 
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Figure  5.  water  PENETRATION  IN  A  CLOSED 
SYSTEM 


DIELECTRIC  COMSTAMT  STABILITY 


The  data  in  Figure  6  show  a  rapid 
drop  off  of  the  dielectric  constant  at 
only  a  slight  depth  below  the  surface.  The 
effect  is  more  pronounced  with  the  filling 
compound.  In  the  second  test,  the 
dielectric  constant  was  measured  at  a 
depth  of  -3mm  below  the  surface  of  the 
boundary  between  the  water  swelled  and 
normal  appearing  layers.  The  value  of  2.29 
that  was  determined  is  essentially  the 
same  as  the  initial  dielectric  constant, 
2.27. 


Both  of  the  above  tests  indicate 
that  the  dielectric  constant  of  the  bulk 
is  stable  and  unchanged  several  mm  beyond 
the  swell  boundary. 


Of  primary  importance  in  the  filling 
compound  application  is  the  stability  of 
the  dielectric  constant  under  the  various 
moisture  and  temperature  environments  'hat 


DEPTH  BELOW  SURFACE,  mm 

Figure  6.  DIELECTRIC  CONSTANT  AFTER  21 
DAYS  e  70C,  96%RH 
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This  section  contains  discussion  and 
data  relevant  to  cable  properties  which 
are  influenced  by  the  filling  compound  or 
encapsulant.  These  properties  include  the 
effect  of  cell  filling  on  the  capacitance 
of  twisted  pairs  having  foam-skin 
insulation,  the  oxidative  stability  of 
conductor  insulation  in  contact  with  the 
filling  compound,  cable  electrical  data, 
and  finally  the  results  of  compatibility 
testing.  Cable  performance  under  water 
head  is  discussed  above  in  the  section  on 
Water  Absorption. 


CAPACITANCE  STABILITY 


In  recent  years,  there  have  been  a 
number  of  papers  given  with  respect  to 
cell  filling  of  foam-  skin  insulation  with 
the  oils  in  ETPR  type  filling  compound.  ' 
Work  by  Mitchell  showed  that  the  degree  of 
cell  filling  was  dependent  on  the  type  of 
filling  compound  and  that  in  the  actual 
cable  environment,  the  degree  of 


capacitance  change  associated  with  that 
cell  filling  was  not  significant.® 


However,  since  ATGs  represent  a  new  type 
of  compound,  it  was  thought  advisable  to 
repeat  these  studies. 


Figure  7  shows  plots  of  capacitance 
increase  versus  time  for  twisted  pairs  of 
26  gauge  foam-  skin  immersed  at  60°C  in 
beakers  of  three  different  filling 
compounds,  two  commercial  ETPRs  and  the 
ATG  filling  compound.  As  can  be  seen  the 
ATG  is  more  stable  than  the  two  ETPRs. 
Reference  to  Mitchell's  work  shows  the  ATG 
to  be  similar  to  the  more  stable  ETPRs  in 
performance.  However,  a  sample  of  that 
latter  material  was  not  available  for 
testing. 


The  above  performance  of  ATG  compound 
might  be  related  to  differences  in  the 
oils  used  in  ATGs  and  ETPRs.  Also  the 
above  data  is  an  indication  of  the 
stability  of  ATG  with  respect  to 
dielectric  constant  when  exposed  to 
elevated  temperature. 

Finally,  the  capacitance  of  the  blue- 
white  pairs  of  two  25  pair  cables  with  24 
gauge  solid  insulation,  one  with  ATG  and 
the  other  with  ETPR  filling  compound  were 
measured  as  a  function  of  temperature.  The 
data  is  shown  in  Figure  8.  As  can  be  seen, 
the  capacitance  of  the  ETPR  filled  cable 
decreases  with  increasing  temperature. 
This  decrease  occurs  because  the  cable  and 
resultant  spacing  between  conductors 
expand  with  increasing  temperature.  On  the 
other  hand,  the  capacitance  of  the  ATG 
filled  cable  remains  level  with  increasing 
temperature.  Functionally,  this  behavior 
occurs  because  there  is  a  slight 
temperature  dependence  (increase  with 


temperature)  in  the  dielectric  constant  of 
ATG  which  offsets  the  capacitance 
decrease  associated  with  thermal 
expansion. 


0  5  10  15  20  25  30 


EXPOSURE  TIME,  doys 

Figur*  7.  CAPACITANCE  STABILITY  OF  26 
GAUGE  F0AM-3KIN  6  60C 
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Figur*  8.  CABLE  CAPACITANCE  STABILITY  AS  A 
FUNCTION  OF  TEMPERATURE 
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IH80LATIOM  STABILITY 


No  issue  in  filled  copper  cable  has 
received  more  attention  in  the  past 
several  years  than  the  cracking  of  the 
foam-skin  polyethvlerje  used  to  insulate 
copper  conductors This  cracking  is  a 
function  of  both  the  stabilization  package 
in  the  insulation  and  the  properties  of 
the  filling  compound.  In  order  to 
determine  whether  or  not  ATG  filling 
compound  performed  satisfactorily  in  this 
respect,  cables  filled  with  ATG  were  aged 
for  various  periods  and  the  oxidation 
induction  time  (OIT)  measured.  The  test 
instrument  was  a  Perkin-Elmer  DSC4  using 
the  Model  3700  Data  Station.  The  test 
procedure  was  per  Bellcore  specification 
TA-NWT-000421. 

In  the  first  test,  a  50  pair  24  gauge 
foam-skin  cable  was  aged  for  fo  ir  weeks  at 
70°C.  OIT  was  determined  at  200°C  before 
and  after  aging.  The  type  of  stabilization 
package  used  in  the  insulation  is  not 
known,  nor  is  the  cable's  orior  thermal 
history.  In  the  second  test,  three  cables, 
one  filled  with  ATG  and  two  with  difrerent 
ETPRs,  were  evaluated  at  200°C  after  aging 
two  weeks  at  7Q^C.  All  three  cables  were 
50  pair,  26  gauge  foam-skin  insulated 
conductors.  The  insulated  conductors  in 
all  three  cables  were  from  the  same  wire 
production  run.  Again,  the  stabilization 
packages  are  not  known.  The  data  for  both 
tests  are  shown  m  Table  II.  All  values 
reported  represent  the  average  of  one  run 
on  each  of  the  ten  color  insulations. 
Variation  of  OIT  between  different  color 
insulations  ’n  the  same  cable,  as 
indicated  by  the  standard  deviations,  are 
consistent  with  data  reported  by 
Hershkowitz  and  Hore^^. 


TABLE  II 


Comparison  of  OIT  performance  of  ATG 
filled  cable  aged  for  two  versus  four 
weeks  at  70°C  shows  the  expected  relative 
performance.  No  precise  analysis  can  be 
made  because  the  insulation  stability 
packages  may  not  be  the  same.  However, 
comparison  of  ATG  performance  versus  the 
ETPRs  in  test  2  is  clear.  ATG  offers 
improved  performance  relative  to  the 
ETPRs.  Several  possible  explanations  are 
possible  for  this  improved  performance. 
They  are  as  follows. 

Lower  extraction  of  stabilizers 
from  the  insulation  with  ATG  because  of 
differences  between  compound  oils  in  the 
two  product  types. 

-  Lov.ar  stabilizer  extraction  with 
ATG  because  of  lower  cable  filling 
temperatures  with  ATG  versus  ETPR  (room 
temperature  versus  110°C) . 

-  Better  stabilization  of  ATG  versus 
the  ETPRs. 

-  Less  severe  thermal  history  wi*:h 
ATG  because  of  lower  temperature  blending 
and  storage. 

Combinations  of  the  above 
mechanisms. 


CABLE  ELECTRICAL  DATA 

Table  III  contains  the  electrical 
data  for  the  50  pair  super-unit  of  a  AFMW 
200  cable  containing  ATG  filling  compound. 
These  data  are  typical  of  filled  cable. 
For  instance,  the  mutual  capacitance 
requirement  for  filled  cable  is  83  +/-  4 
nP/mile.  The  data  reported  in  Table  3 
comfortably  fit  in  this  range.  The  value 
of  R/C  Ratio  for  the  cable  was  0.0173 
(0.0200  is  passing). 


OXIDATIVE  INDUCTION  TIME  OF  FOAM-SKIN 
INSUIJ\TION  e  200°C 


TABL.':  J.II 


TEST  #  1 
4  Weeks  Aging 


TEST  #  2 
2  Weeks  Aging 


ELECTRICAL  DATA  FOR  AFMW  200 
ATG  FILLED  CABLE  SUPER-UNIT 


Avci.  age 

stand . 

Ind. 

I  nd . 

INDUCTION  TIME, 

min .  e 

200°C 

Dev. 

Max . 

Min . 

Av. 

Std. 

Dev. 

Av. 

Std. 

Dev . 

Mutual  Cap. 
(nF/mile) 

83 . 53 

1  .  37 

8b.  :o 

80 . 99 

Filling 

Compound 

Attenuation 
(dB\kf ) 

5.  30 

0.04 

5. 41 

5.21 

ATG 

53.7 

7 . 4 

64 . 1 

4  .  b 

ETPR  I 

- 

- 

53 . 5 

8 . 7 

ETPR  II 

- 

- 

46.3 

6.3 
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COMPATIBILITY  AMD  OTHER  TESTING 

ATG  encapsulant  was  tested  in  splices 
having  polycarbonate  connectors.  No 
evidence  of  stress  cracking  was  observed. 

Both  ATG  encapsulant  and  filling 
compound  were  tested  in  contact  with 
Caschem  12  6  Encapsulant  as  was  an  ETPR 
control.  Testing  was  at  room  temperature 
and  70'^C  for  7  days.  No  evidence  of  oil 
formation  at  the  interface  between  the  126 
Encapsulant  and  any  of  the  test  compounds 
was  found.  ATG  encapsulant  was  evaluated 
in  contact  with  ETPR  at  room  temperature. 
No  significant  oil  formation  was  seen  at 
the  boundary  between  the  materials  after 
30  days  at  room  temperature. 

Cable  drip  tests  were  performed  at 
80°C  per  Bellcore  TA-TSY-000421 ,  Issue  2, 
dated  September  1989.  None  of  the  cables 
tested  dripped. 

ATG  filling  compound  and  encapsulant 
were  tested  in  accordance  with  ASTM  G21-70 
and  found  not  to  support  fungus  growth. 


SOMMARY  AMD  CONCL08ION8 

A  wide  range  of  test  data  relevant 
to  the  performance  of  superabsorbent 
thixotropic  gels,  ATGs,  as  filling 
compounds  and  encapsulants  in  the  outside 
copper  plant  have  been  presented.  A  brief 
summary  of  that  performance  is  as  follows: 

•  Superior  waterproof  performance 
relative  to  existing  filling  compounds  and 
encapsulants. 

•  Self-Healing  of  electrical  shorts 
due  to  small  flaws  in  the  conductor 
insulation. 

•  Improved  oxidative  stability  of 
conductor  insulation  versus  ETPR. 

•  Stable  dielectric  properties  of 
the  compounds  in  advance  of  the  water 
swell . 

•  Stable  cable  capacitance  as  a 
function  of  time  and  temperature,  equal  to 
or  better  than  ETPR  filled  cable. 

•  Satisfactory  80°C  cable  drip 
performance . 

•  Other  ATG  properties  meet  industry 
requirements  and  are  comparable  in 
performance  to  other  commercial  filling 
compounds  and  encapsulants. 
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Temperature  Effect  on  High  Frequency  Data  Transmission 
Through  Plenum  Wires 

L.  M.  Hore 

Bellcore,  New  Jersey,  USA 


Abstract 

This  paper  presents  a  short  overview  of  the  general 
properties  of  the  dielectric  materials  used  in  plenum  wires 
and  the  effect  of  elevated  temperatures  on  the  dielectric 
properties  and  consequently  on  the  transmission  parameters 
of  the  wires.  The  purpose  of  this  paper  is  to  supplement  the 
limited  scientific  data  published  by  resin  manufactures  for 
wide  varieties  of  insulating  materials  now  being  used  in 
plenum  wires  for  applications  in  high  frequency  and  high 
temperature  areas.  To  evaluate  the  temperature  effects  on 
the  transmission  of  wires,  samples  made  of  different 
insulation/jacket  combinations  currently  being  used  in  plenum 
wires  are  stabilized  at  room  temperature  (RT)  ranging  from 
70°F  to  73°F,  110°F  and  150°F  before  the  transmission 
parameter  measurements  are  performed  on  the  wires.  The 
results  will  show  the  temperature  effects  on  attenuation,  near 
end  crosstalk,  characteristic  impedance  and  mutual 
capacitance  to  a  varied  degree.  Based  on  this  study, 
temperature  coefficients  of  attenuation  (T^  of  the  wires 
insulated  with  FEP,  ECTFE,  PVC  and  PE  are  computed  for 
different  frequency  and  different  temperature  range.  Ideally, 
the  temperature  coefficient  of  attenuation  of  the  plenum 
wires  should  be  0.0010/dB/°F  same  as  the  reference  cable 
with  PE  insulation.  From  this  standpoint,  FEP  insulation 
meets  the  above  expectation  in  the  frequency  range  up  to  40 
MHz  and  the  temperature  range  up  to  1S0°F,  the  maximum 
limits  of  the  current  measurements.  PVC  insulated  cables 
should  be  avoided  in  applications  where  high  frequency 
signals  and  higher  than  room  temperature  environments  are 
expected.  While  not  as  poor  a  choice,  ECTFE  insulation  may 
also  create  some  problems  in  the  higher  frequency  band. 


1.  Introduction 

The  ANSI  X3T  9.5  FDDI  (Fiber  Distributed  Data  Interface) 
Committee  set  up  an  ad  hoc  working  group  in  1990  to 
investigate  the  implementation  of  FDDI  through  a  low  cost 
media  -  shielded  twisted  pairs  (STP)  and  unshielded  twisted 
pairs  (UTP).  At  the  time  of  preparing  this  paper  there  are  at 
least  three  known  companies  claiming  that  100  megabits/sec 
(Mbps)  data  transmission  is  possible  over  twisted  pairs^*^  for 
practical  distances.  There  are  also  a  number  of  companies 
who  report  to  have  developed  transceivers  that  would 
transmit  100  Mbps  signals  through  the  media  which  is  being 
called  TPDDI  (Twisted  Pair  Distributed  Data  Interface).^^^  It 
is  expected  that  the  ANSI  ad  hoc  working  group  will  prepare 
a  standard  to  cover  transmission  parameters,  viz.,  mutual 
capacitance,  attenuation,  near  end  crosstalk,  characteristic 
impedance,  etc.  suitable  for  transmission  up  to  100  Mbps. 

The  transmission  parameters  of  the  twisted  wires  depend  on 
the  design  criteria,  materials  used  in  the  wire,  and  the 


environmental  conditions  of  the  wire  during  its  service  life. 
Normally  plenum  wire  operates  at  room  temperature  (RT) 
because  it  is  located  in  air  return  plenums.  In  some 
buildings,  however,  wire  and  cable  could  run  parallel  to 
steam  pipes  or  may  be  exposed  to  other  beat  sources  and 
thereby  become  heated  above  ambient  temperature,  especially 
in  cold  weather.  In  some  other  buildings,  cable  could  be 
placed  in  wiring  closets  and  other  non-plenum  areas  where 
there  is  no  air  conditioning  provided  and  where  temperature 
can  rise  during  summer.  With  this  scenario  in  mind,  the 
twisted  wires  exposed  to  elevated  temperatures  will  be 
measured  and  analyzed  to  determine  the  suitability  of  the 
dielectric  materials  used  in  plenum  wires. 

2.  General  Properties  of  Dielectric  Materials 

The  properties  affecting  the  behavior  of  insulating  materials 
in  service  can  be  classified  under  the  sub-heading  of  (i) 
mechanical,  (ii)  electrical,  (iii)  thermal,  (iv)  chemical,  (v) 
environmental  and  miscellaneous.  Of  all  these  properties,  we 
are  interested  in  dealing  with  the  electrical  properties  only, 
and  a  brief  review  of  the  factors  affecting  the  electrical 
properties  of  dielectric  materials  is  stated  below. 

The  electrical  properties  that  influence  the  design  of  wires  are 
(i)  dielectric  constant,  (ii)  dissipation  factor  or  loss  factor, 
(iii)  insulation  resistance,  (iv)  volume  and  surface  resistivity, 
(v)  dielectric  strength,  (vi)  surface  breakdown  strength,  (vii) 
liability  to  track,  (viii)  temperature  coefficients  and 
frequency  dependency  of  these  properties. 

The  insulating  materials  are  used  over  the  entire 
electromagnetic  spectrum  from  zero  frequency  to  radar 
frequencies  of  at  least  30  GHz.  There  are  only  a  few 
materials  whose  dielectric  constant  and  dissipation  factor  are 
approximately  constant  over  this  frequency  range.  The 
change  in  dielectric  constant  and  loss  factor  with  frequency 
are  produced  by  a  phenomenon  called  dielectric 
polarization.^^^  It  is  beyond  the  scope  of  this  paper  to  go  into 
the  detailed  aspects  of  dielectric  polarization.  It  can  be  said, 
however,  that  starting  at  the  highest  frequency,  each 
succeeding  polarization,  dipole  or  interfacial,  adds  its 
contribution  to  dielectric  constant,  with  the  result  that 
dielectric  constant  has  its  maximum  value  at  zero  frequency. 
Each  polarization  furnishes  a  maximum  of  dissipation  factor. 
The  frequency  at  which  dissipation  is  maximum  is  called  the 
relaxation  frequency  for  that  polarization. 

The  major  electrical  effect  of  temperature  on  an  insulating 
material  is  to  increase  the  relaxation  frequency  which  is  the 
reciprocal  of  relaxation  time  (t)  of  its  polarizatior . 

Mi 

The  relaxation  time  t'  '  is  defined  as, 

_E_ 

T  =  IQ-'*  •  e  seconds  (1) 
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where, 

E  :  energy  in  electron  volt  (e,v.) 
K  ;  a  constant 
T  ;  absolute  temperature 


The  real  part  (a)  is  called  the  attenuation  constant  and  the 
imaginary  part  O)  is  called  the  phase  shift. 

The  characteristic  impedance  (Z^  is  related  to  the  primary 
constants  of  a  transmission  line  by  the  following  equation: 


The  difference  of  40  seconds  to  one  day  would  be  caused  by 
a  temperature  change  of  60'C  at  constant  barrier  height  of  1 
e.v. 


+  j  ciiL 
Vg  +  j  oiC 


(4) 


3.  Experimental  Samples 


where. 


The  various  twisted  pair  samples  used  for  transmission 
measurements  are. 


Samnle  No. 

Pair/AWG 

Insul./Jkt. 

Insulation; 

ECTFE 

1 

4/24 

ECTFE/ECTFE 

2 

4/24 

ECTFE/ECTFE 

6 

3/24 

ECTFE/PVDF 

8 

3/24 

ECTFE/ECTFE 

Insulation; 

FEP 

3 

4/24 

FEP/ECTFE 

4 

4  Cond./24 
SQ 

FEP/ECTFE 

Insulation: 

PVC 

7 

4  Cond./24 
OQ 

PVC/PVC 

9 

4/24 

PVC/PVC 

Insulation; 

PE 

12 

12/22 

Shielded 

Pair 

PE/PVC 

NOTE; 

ECTFE  -  Ethylene  Chloro  Tetra  Floro  Ethylene  Copolymer 

PVDF  -  Poly  Vlnylidene  Floride 

FEP  -  Florinated  Ethylene  Propylene  Copolymer 

PVC  -  Poly  Vinyl  Chloride 

PE  -  Polyethylene 

SQ  -  Star  Quad, 

OQ  -  Oscillating  Quad 


To  measure  the  transmission  parameters  of  the  above  wires, 
two  different  measuring  sets  were  employed  -  a  DCM  model 
CMS-2PCX  Computerized  Automatic  Cable  Measuring 
System  to  measure  mutual  capacitance  (C)  and  capacitance 
unbalance  at  1  kHz,  attenuation,  characteristic  impedance 
(Z  )  and  near  end  crosstalk  (NEXT)  from  64  kHz  to  8  MHz 
and  a  HP  4194A  Impedance  Analyzer  to  measure  attenuation, 
NEXT,  characteristic  impedance  and  phase  angle  from  64 
kHz  to  40  MHz. 

4.  Cable  Parameters  Relations 

The  following  transmission  equations  can  be  found  in  any 
textbook  on  transmission  lines.  The  propagation  constant  (y) 
is  a  complcT  number  comprised  of  a  real  part  (a)  and 
imaginary  part  O)  as  shown, 


7  =  a  +  j  B 

(2) 

7  =  VZY^ 

(3) 

Z  =  R+  j  ii>  L  =  series  impedance,  ohms  per  mile 
Y=G  +  jMC  =  parallel  admittance,  mhos  per  mile 
R  =  series  resistance,  ohms  per  loop  mile 
L  =  series  inductance,  henrys  per  loop  mile 
G  =  parallel  conductance,  mhos  per  mile 
C  =  mutual  capacitance,  farads  per  mile 
cii  =  2iif  (where  f  is  the  frequency  in  Hz) 
a  =  attenuation,  nepers  per  mile 

(dB  per  mile  =  8.686  i  nepers  per  mile) 

P  =  phase  shift,  radians  per  mile 

At  high  frequencies, 

Zo  =  V  ^  (5) 


o  s  i  R  '\/  .£  +  .1  G  \/  ,  nepers/mile  (6) 


s  4.343R/Zo  +  4.343  G  Z^  dB/milc  (7) 

The  first  term  of  the  equation  (7)  is  due  to  conductor  loss 
and  the  second  term  is  due  to  dielectric  loss.  The  loss  due  to 
conductor  resistance  (R)  vary  as  the  square  root  of  frequency 
and  it  consists  of  dc  resistance,  increment  due  to  skin  effect, 
increment  due  to  proximity  effect,  and  increment  due  to  eddy 
currents  in  other  pairs  and  the  sheath,  if  present.  In  the 
second  term  the  parallel  conductance  (G)  is  expressed  by, 

G  =  0)  C  tan  8  (8) 

=  2'irf  C  tan  8 
where, 

f  ■  frequency  in  Hz 

C  -  mutual  capacitance  in  farads/mile 

tan  8  -  dissipation  factor  of  the  dielectric 


The  loss  due  to  conductance  (G)  can  be  of  significant 
importance  at  higher  frequencies  if  the  dissipation  factor 
increases  with  frequency. 

The  mutual  capacitance  (C),  shown  in  the  above  equations  is 
related  to  the  size  of  the  conductor,  insulation  thickness, 
dielectric  constant  of  the  insulation  and  the  interstitial 
medium  and  is  given  by  the  following  approximate 
expression. 


0.019415  X  e  X  10' 


I  2S 

log.o  ^ 


farads  per  mile 


(9) 


where. 


€  :  effective  dielectric  constant  of  the  cable  medium 
S  :  center  to  center  conductor  spacing  in  inches 
d  ;  wire  diameter  in  inches 
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5.  Attenuation  versus  Temperature 

Anenuation  of  all  nine  wire  samples  is  measured  using  the 
DCM  test  set  up  to  8  MHz.  In  addition,  the  HP  Impedance 
Analyzer  is  employed  to  measure  the  attenuation  of  four 
selected  samples  up  to  40  MHz  to  represent  the  various 
insulation/jacket  combination  of  ECTFE/ECTFE 
FEP/ECTFE,  ECTFE/PVDF  and  PVC/PVC.  The  only 
sample  with  PE  insulation  and  PVC  jacket  covers 
measurements  up  to  8  MHz.  The  attenuation  data  up  to  40 
MHz  at  room  temperature  (RT),  110°F  and  1  ;0”F  are  shown 
in  Tables  2,  3,  4,  5  and  6.  The  analysis  of  the  data  is 
covered  in  Section  9. 

TABLE  1  Avg.  Mutual  Capadtanca  (C)  vi.  Temperature 


Sample 

No.  Palr/AWG  Ini/Jkt  Aeg.  C,nF/kfl  @  (*) 


RT 

(1) 

110*F 

(2) 

ISO^F 

(3) 

(1W2) 

<1M3) 

Insuiadon; 

ECTFE 

1 

4/24 

ECTFE/ECTFE 

18.29 

18.28 

18.33 

-0.1 

0.2 

2 

4/24 

ECTFE/ECTFE 

18.10 

18.12 

18.17 

0.1 

0.4 

6 

3/24 

ECTFE/PVDF 

18.84 

18.87 

18.99 

0.2 

0.8 

8 

3/24 

ECTFE/ECTFE 

17.65 

17.62 

17.70 

-0.2 

0.3 

Insulation: 

FEP 

3 

4/24 

FEP/ECTFE 

15.08 

14.98 

14.92 

-0.7 

-1.1 

4  4  Cond./24 

SQ 

FEP/ECTFE 

12.15 

12.13 

12.09 

-0.2 

-0.5 

Insulation: 

PVC 

7  4  Cond./24 

OQ 

PVC/PVC 

13.03 

13.29 

13.43 

2.0 

3.1 

9 

4/24 

PVC/PVC 

20.12 

24.01 

28.64 

19.3 

42.3 

Insulation: 

PE 

12 

12/22 

PE/PVC 

21.38 

21.24 

21.19 

-0.7 

•0.9 

Shielded 

Pair 


Note: 

ECTFE  •  ethylene  chlorotetiafloro  ethylene  copolymer 

PVDF  -  poly  vinylidene  floride 

FEP  .  florinated  ethylene  propylene  copolymer 

PVC  -  poly  vinyl  chloride 

PE  *  polyethylene 


ATcrage  Attenuation  (a)  ts.  FrcqucncY 

TABLE  2  No.  1  4  Pair/24  AWG  (ECTFE/ECTFE) 

Preq.  Avg.  a,  dB/Kft.  @ 

(kHz)  70°F  110"F  ISft’F 

64 

2.30 

3.38 

2.60 

256 

3.31 

4.15 

3.57 

512 

4.99 

5.91 

5.33 

772 

6.28 

7.27 

6.71 

1000 

7.20 

8.24 

7.72 

1600 

9.33 

10.49 

10.02 

4000 

15.38 

17.01 

16,69 

6300 

19.83 

21.9] 

21.70 

8000 

22.80 

25.16 

25.08 

10,000 

25.81 

28.47 

28,54 

16,000 

35.12 

38,84 

38.97 

20,000 

39.10 

43.72 

44.09 

30,000 

49.46 

56.32 

57.05 

40,000 

59.14 

67.38 

67.98 

TABLE  3  No.  3  4  Pair/24  AWG  (FEP/ECTFE) 


Freq. 

Avg, 

.  a,  dB/KfL  @ 

(kHz) 

70*F 

IWF 

150*F 

64 

2.43 

2.62 

2.75 

256 

3.11 

3.26 

3.37 

512 

4.07 

4.26 

4.39 

772 

5.22 

5.46 

5.63 

1000 

5.91 

6.16 

6.38 

1600 

7.51 

7.83 

8.10 

4000 

11.83 

12.37 

12.79 

6300 

14.92 

15.65 

16.18 

8000 

16.76 

17.63 

18.21 

10,000 

18.74 

19.72 

20.34 

16,000 

23.99 

25.33 

26.03 

20,000 

26.82 

28.36 

29.17 

30,000 

33.84 

35.63 

36.48 

40,000 

38.57 

41.17 

41.79 

TABLE  4  No.  6  3  Pair/24  AWG  (ECTFE/PVDF) 

Freq. 

Avg. 

a,  dB/Kft.  @ 

(kHz) 

70»F 

110°F 

150°F 

64 

2.31 

2.51 

2.63 

256 

3.39 

3.50 

3.61 

512 

5.23 

5.29 

.5.38 

772 

6.61 

6.67 

6.76 

1000 

7.67 

7.19 

7.82 

1600 

10.06 

10.15 

10.17 

4000 

17.39 

17.69 

17.47 

6300 

22.72 

23.54 

23.09 

8000 

26.37 

27.62 

27.11 

10,000 

30.24 

32.12 

31.40 

16,000 

40.65 

44.58 

44.10 

20,000 

46.37 

51.79 

51.71 

30,000 

61.79 

69.94 

70.32 

40,000 

71.73 

84.49 

87.67 

TABLE  5 

No.  9  4  Pair/24  AWG  (PVC/PVC) 

Freq. 

Avg. 

a,  dB/Kft.  @ 

(kHz) 

70'F 

IIO^F 

150“F 

64 

2.46 

2.69 

2.84 

256 

3.66 

4.35 

5.08 

512 

5,46 

6.60 

7.75 

772 

6.83 

8.34 

10.00 

1000 

7,88 

9.77 

11.85 

1600 

10.21 

12.82 

15.92 

4000 

17.18 

22.14 

28.87 

6300 

22.61 

29.39 

38.93 

8000 

25.92 

34.03 

45.59 

10,000 

29,83 

39.37 

52.82 

16,000 

39.87 

53.51 

72.65 

20,000 

48.59 

62.54 

84.73 

30,000 

60.67 

83.84 

111.74 

40,000 

73.09 

99.43 

118.45 
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TABLE  6  No.  12  12/22  Shielded  Pair  (PE/PVC) 


Freq. 

Avg. 

a,  dB/Kft.  @ 

(kHz) 

71“F 

U0°F 

150°F 

64 

1.52 

2.05 

2,14 

256 

3.31 

3.40 

3.85 

512 

5.88 

5.88 

5.94 

772 

7.93 

8.06 

8.21 

1000 

9.91 

10.11 

10.15 

1576 

13.70 

13.95 

14.02 

4000 

23.44 

24.17 

24.10 

6300 

29.72 

30.41 

30.34 

8000 

33.70 

34.17 

34.10 

6.  Temperature  Coefficient  of  Attenuation  (T^) 

The  resistance  of  conductors  increases  with  the  increase  in 
temperature  and  therefore  will  increase  the  first  term  of  the 
attenuation  equation  (7),  assuming  the  characteristic 
impedance  (Z^)  is  unchanged  with  temperature.  Similarly,  if 
the  conductance  (G)  which  is  also  temperature  dependent  for 
certain  dielectric  materials  increases  with  the  rise  of 
temperature,  the  second  term  of  the  equation  (7)  will  be 
increasing  with  the  increased  temperature.  The  temperature 
coefficient  of  attenuation  in  the  above  situation  can  be 
expressed  by. 


°T  ~  ORT 

ORT  (T-RT) 


(10) 


where, 

ort  :  attenuation  at  RT’F 
aj  :  attenuation  at  T"F 


By  measuring  the  attenuation  of  wires  at  RT,  and  at  110°F 
and  150°F,  the  temperature  coefficient  of  attenuation  (T  )  for 
wires  insulated  with  ECTFE,  FEP,  PVC  and  PE  are 
computed  between  RT  and  IICF  and  between  RT  and  1S0°F. 

The  temperature  coefficient  of  attenuation  (T  )  values  of  all 
the  samples  are  computed  using  both  the  DCM  and  HP  data 
and  averaged  under  each  category  of  insulation,  viz.,  FEP, 
ECTFE,  PVC  and  PE.  The  computed  T^  values  are  shown  in 
Table  7  and  plotted  in  Figure  1. 


7.  Near  End  Crosstalk  (NEXT) 


The  near  end  crosstalk  between  two  pairs  inside  a  cable  is 
dependent  on  the  attenuation  of  the  wires  and  the  length  of 
the  wires,  unless  the  wire  is  sufficiently  long.  The  attenuation 
and  length  dependency  of  NEXT  is  expressed  by  the 
following  equation:  *^ 


NEXT,  dB/kft  -  next;  +  10  log 


( 


_  _a_ 

1  -  10  ’ 


(H) 


where, 

next;  =  measured  value  of  NEXT  for  length  f  ft. 
a  attenuation,  dB/kft 


Since  the  wire  samples  have  temperature  coefficients  of 
attenuation,  the  wires  show  different  attenuation  values  at 
different  temperatures.  The  length  correction  factor  shown 


TABLE  7 

Temperature  Coefriclent  of  Attenuation  (T^)  vs.  Frequency 

«»T  ~  °RT 
'  Ort(T-RT) 


where, 

ort  ^  attenuation  at  RT*F 

ax  =  attenuation  at  temperature,  T°F 


(W/dB/T) 


Freq. 

RT  to  110‘F 

RT  to  IS0*F 

(kHz) 

FEP 

ECTFE 

PVC 

PE 

FEP 

ECTFE 

PVC 

PE 

64 

0.24 

0.34 

0.38 

0.22 

0.20 

0.28 

256 

0.16 

0.15 

0.46 

0.07 

0.10 

0.09 

0.47 

0.20 

512 

0.03 

0.11 

0.39 

0 

0.06 

0.06 

0.45 

0.01 

772 

0.05 

0.14 

0.46 

0.05 

0.07 

0.05 

0.50 

0.04 

1000 

0.10 

0.11 

0.50 

0.05 

0.09 

0.07 

0.54 

0.03 

1600 

0.08 

0.11 

0.54 

0.05 

0.09 

0.07 

0.62 

0.03 

4000 

0.15 

0.18 

0.68 

0.08 

0.12 

0.09 

0.79 

0.04 

6300 

0.12 

0.15 

0.67 

0.06 

0.11 

0.10 

0.81 

0.03 

8000 

0.10 

0.16 

0.67 

0.04 

0.09 

0.10 

0.83 

0.02 

10,000 

0.13 

0.21 

0.80 

0.11 

0.09 

0.96 

... 

16,000 

0.14 

0.25 

0.85 

0.11 

0.13 

1.03 

20,000 

0.14 

0.30 

0.72 

Oil 

0.15 

0  93 

30,000 

0.15 

0.34 

0.95 

0.11 

0.18 

1.05 

... 

40,000 

0,17 

0.40 

0.90 

0.10 

0.24 

0.78 

Freq.  MHz 

Fig.  1.  Temperature  Coefficient  of 

Attenuation  (Tc)  vs.  Frequency 
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in  the  second  term  of  the  equation  (11)  therefore,  has 
different  values  for  different  temperatures.  Since  the 
attenuation  of  the  wires  at  RT  is  already  high,  no  significant 
changes  in  the  correction  factor  will  be  noticeable  for  the 
higher  attenuation  values  at  110°F  and  150°F. 

The  average  near  end  crosstalk  (NEXT)  and  the  worst  pair 
NEXT  values  of  the  representative  samples  of 
ECTFE/ECTFE,  FEP/ECTFE,  PVC/PVC  and  PE/PVC  wires 
at  RT,  110°F  and  150°F  are  presented  in  Table  Nos.  8,  9,  10 
and  11.  As  expected  no  pattern  was  noticed  except  in  the  case 
of  shielded  pair  wire  (No.  12  12/22).  The  NEXT  values  of 
this  wire  are  measured  significantly  higher  than  those  of  the 
other  unshielded  samples. 

_ NEXT  T«.  Frequency  and  Temperature _ 

TABLE  8  No.  I  4  Pair/24  AWG  (ECTFE/ECTFE) 


Frcq. 

(kHx) 

70°F 

NEXT 

,  dB/Kft.  @ 

110"F 

ISO'F 

Ava. 

Worst 

Ava 

Worst 

Ava 

Worst 

64 

79 

63 

65 

64 

81 

65 

256 

63 

54 

63 

54 

64 

55 

512 

56 

52 

56 

51 

57 

53 

772 

55 

50 

54 

46 

55 

50 

1000 

52 

50 

51 

45 

53 

50 

1600 

52 

45 

52 

41 

53 

48 

4000 

42 

33 

45 

35 

45 

36 

6300 

40 

35 

43 

36 

44 

37 

8000 

41 

35 

39 

33 

40 

36 

10,000 

41 

28 

38 

31 

38 

31 

16,000 

35 

32 

36 

27 

40 

27 

20,000 

36 

32 

37 

27 

40 

33 

30,000 

34 

26 

33 

27 

33 

26 

40,000 

32 

27 

30 

25 

31 

25  . 

TABLE  9  No.  3  4  Pair/24  AWG  (FEP/ECTFE) 


Freq. 

(kHz) 

70°F 

NEXT 

,  dB/Kft.  @ 

110°F 

150”F 

Ava. 

Worst 

Ava 

Worst 

Ava. 

Worst 

64 

71 

64 

72 

56 

71 

66 

256 

60 

55 

60 

SO 

61 

56 

512 

55 

52 

56 

42 

56 

50 

772 

51 

41 

50 

37 

51 

42 

1000 

50 

37 

51 

37 

51 

38 

1600 

45 

35 

46 

37 

46 

38 

4000 

44 

39 

44 

37 

44 

34 

6300 

35 

29 

42 

25 

43 

37 

8000 

36 

26 

39 

25 

37 

25 

10,000 

39 

28 

36 

25 

37 

25 

16,000 

33 

24 

32 

24 

32 

24 

20,000 

31 

21 

31 

24 

31 

24 

30,000 

30 

18 

31 

21 

31 

21 

40,000 

32 

20 

29 

2j 

29 

23 

TABLE  10  No.  9  4  Pair/34  AWG  (PVC/PVC) 


Freq. 

(kHz) 

70”F 

NEXT,  dB/Kft.  @ 

110”F 

ISO'F 

Ava. 

Worst 

Ava. 

Worst 

Ava. 

Worst 

64 

77 

65 

77 

64 

74 

65 

256 

64 

56 

63 

55 

66 

54 

512 

61 

52 

62 

52 

60 

51 

772 

59 

46 

59 

49 

57 

49 

1000 

57 

52 

58 

52 

56 

52 

1600 

52 

47 

52 

45 

55 

49 

4000 

46 

35 

47 

35 

49 

45 

6300 

41 

34 

42 

33 

47 

39 

8000 

34 

33 

45 

34 

43 

32 

10,000 

44 

32 

43 

34 

47 

37 

16,000 

39 

33 

42 

33 

42 

32 

20,000 

41 

33 

42 

31 

40 

28 

30,000 

39 

25 

37 

29 

34 

25 

40,000 

29 

18 

29 

19 

33 

24 

TABLE  11  No.  12  12/22  Shielded  Pair  (PE/PVC) 


Freq. 

(kHz) 

71‘F 

NEXT,  dB/Kfl.  @ 

llO-F 

ISO'F 

Ava. 

Worst 

Ava. 

Worst 

Ava. 

Worst 

64 

94 

78 

93 

79 

94 

80 

256 

86 

73 

85 

73 

86 

73 

512 

85 

74 

85 

72 

85 

72 

772 

85 

72 

84 

72 

85 

73 

1000 

85 

72 

84 

73 

85 

74 

1576 

87 

73 

85 

72 

86 

72 

4000 

86 

71 

84 

65 

85 

64 

6300 

85 

73 

83 

61 

84 

60 

8000 

78 

65 

77 

59 

77 

59 

8.  Estimate  of  Transmit  Distances 

In  Hore  and  Tburaisamy’s  paper, it  has  been  shown  that 
near  end  crosstalk  (NEXT)  and  loss  characteristics  arc 
dominant  factors  for  high  speed  transmission  through  twisted 
copper  wires.  In  the  same  paper,  various  impairments,  i.c., 
inductive  noise,  echo,  intersymbol  interference,  impulse  noise 
were  discussed  and  their  effects  in  limiting  the  transmit 
distance  were  presented.  Based  on  engineering  judgement,  a 
margin  of  12  dB  is  considered  acceptable  for  various 
impairments  for  theoretical  studies.  For  laboratory  studies 
and  performance  evaluation,  6  dB  is  adequate. 

In  digital  transmission  for  a  Bit  Error  Ratio  (BER)  of  one 
error  in  ten  million  (10  ),  a  signal  having  binary  code 
requires  a  peak  Signal-to-Noise  Ratio  (SNRl  of  14.3  dB.*** 
For  higher  frequency  digital  transmission.  S.N'P  values  need 
to  be  worked  out. 

Considering  all  conditions,  i.e.,  impairments,  Signal-to-Noise 
Ratio,  and  other  factors,  such  as  bridged-taps,  and 
subtracting  the  total  margin  from  the  NEXT  values,  an 
estimate  could  be  made  of  the  available  dB  budget  for 
transmission  with  desired  bit  error  ratio.  From  the  available 
dB  budget,  the  transmit  distances  can  be  worked  out  dividing 
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the  dB  values  by  the  attenuation  (dB/kft)  of  the  wire,  only  if 
there  is  no  bridged-tap.  To  have  longer  transmit  distances, 
crosstalk  separation  should  be  high  and/or  the  attenuation  of 
the  wire  should  be  lower.  High  temperature  coefficient  of 
attenuation  produces  higher  loss  at  higher  temperatures, 
thereby  reducing  the  effective  transmit  distances. 


9.  Characteristic  Impedance  (Z^) 

Presently  the  EIA  41.8.1  committee  is  working  to  develop 
requirements  for  wire  and  cable  parameters.  Of  these 
parameters,  measurement  of  characteristic  impedance  is  a 


challenging  one, 
Friesen’s  paper. ^  ’ 


Various  methods  have  been  outlined  in 
One  method  is  based  on  open  circuit  and 


short  circuit  measurements.  When  the  length  of  the  wire  is 


short  (under  a  quarter  wave  length),  the  characteristic 


impedance  can  be  defined  by  the  following  relation. 


z„  = 


(12) 


where, 

Zjc  (short  circuit  impedance)  =  Z^  tanhyf  (13) 
and 

Z„c  (open  circuit  impedance)  =  Zo  cothyf  (14) 


The  characteristic  impedance  value,  can  be  expressed  by  the 
primary  constants,  R,  L,  G  and  C  shown  in  equation  (4).  At 


high  frequencies,  Z„=  \/  —  and  it  depends  on  two 

parameters,  L  and  C.  At  around  1  MHz  and  above,  Zo  tends 
to  maintain  approximately  a  constant  value  as  shown  in 
Figures  2  thru  13  for  four  representative  sample  numbers  1, 
3,  9  and  12.  The  average  Zo  values  at  1  MHz  are  shown  in 
Table  12  for  the  above  samples  at  three  temperatures,  70'F, 
110'’F  and  150°F.  Of  these  four  samples,  the  greatest  changes 
in  Zo  take  place  in  sample  number  9  with  PVC  insulation.  In 
the  temperature  range  of  70”  to  110”F,  the  change  in  2^  is 
-6%  and  70”  to  150”F,  the  corresponding  change  is  -11%. 
This  result  can  be  explained  from  the  observation  of  the 
increased  mutual  capacitance  (C)  of  sample  No.  9  (see  Table 
1  and  Figure  14).  The  reason  for  the  decrease  in  Z„  at  higher 
temperatures  is  primarily  due  to  the  increase  in  C  as  evident 


from  the  expression  for  Z^  =  — ,  assuming  inductance 

L  is  constant.  Changes  in  Zo  values  for  other  samples  up  to 
4%  may  be  attributed  to  the  measurement  variability. 


Freq.  kHz 

Fig.  2.  Characteristic  Impedance  (Zo)  vs. 
Frequency 


Zo  vs.  Freq.  No.  )  T-  110  F 


10  100  1000  10.000  40.000 

Freq.  kHz 

Fig.  3.  Characteristic  Impedance  (Zo)  vs. 
Frequency 

Sample:  4/24  ECTFE/ECTFE 

Zo  vs.  Freq.  No.  1  T-  150  F 


Freq.  kHz 


Fig.  4.  Characteristic  Impedance  (Zo)  vs. 
Frequency 

Sample:  4/24  ECTFE/ECTFE 


Zo  vs.  Freq.  No.  3  T-  70° F 


Freq.  kHz 


Fig.  5.  Characteristic  Impedance  (Zo)  vs. 
Temperature 

Sample:  4/24  (FEP/ECTFE) 
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Zo  vs.  Freq.  No. 


10.000  AO. 000 

Freq.  kHz 

6.  Characteristic  Impedance  (Zq)  vs. 
Temperature 

Sample:  A/2A  (FEP/ECTFEJ 
Zo  vs.  Freq.  No.  3  T- 150°F 


I  100  1000  10.000  AO. 000 

Freq.  kHz 

Characteristic  Impedance  (2o)  vs. 
Temperature 

Sample:  A/2A  (FEP/ECTFE) 


Zo  vs.  Freq.  No.  9 


ido  1000  10.000  AO. 000 

Freq .  kHz 

Characteristic  Impedance  (Zq)  vs. 
Temperature 

Sample:  A/2A  (PVC/PVC) 


Zo  vs.  Freq 


10  100  1000  10.000  AO. 000 

Freq.  kHz 

Fig.  9.  Characteristic  Impedance  (Zo)  vs. 
Temperature 

Sample:  A/2A  (PVC/PVC) 

Zo  vs.  Freq.  No.  9  T-  150  F 


10  100  1000  10,000  AO, 000 

Freq.  kHz 

Fig.  10.  Characteristic  Impedance  (Zo)  vs. 
Temperature 

Sample:  A/2A  (PVC/PVC) 


Zo  vs.  Freq.  No.  12  T-  70  F 


10  100  1000  10,000  AO, 000 

Freq.  kHz 

Fig.  II.  Characteristic  Impedance  (Zo)  vs. 
Temperature 

Sample:  12/22  Shielded  Pair  (PE/PVC) 
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(nF/kft.)  ^  Zo  (ohm)  2^  (ohm) 


Zo  vs.  Freq. 


Ho.  12 


T-  110“F 


10.  Discussion 


Fig.  12.  Characteristic  Impedance  (Zo)  vs. 
Temperature 

Sample:  12/22  Shielded  Pair  (PE/PVC) 


Zo  vs.  Freq.  No.  12  T-  150  F 


Freq.  kHz 

Fig.  13.  Characteristic  Impedance  (Zo)  vs. 
Temperature 

Sample:  12/22  Shielded  Pair  (PE/PVC) 


Temperature,  °F 


Fig.  14.  Mutual  Capacitance  (C  )  vs.  Temperature 


The  attenuation  measurements  on  various  wire  samples  up  to 
40  MHz  at  different  temperatures,  i.e.,  RT,  110°F  and  150°F 
clearly  indicate  that  some  of  the  insulating  materials  produce 
a  significant  increase  in  attenuation  due  to  high  conductive 
(G)  loss.  The  temperature  coefficients  of  attenuation  (T^) 
computed  from  the  attenuation  data  can  be  used  as  a 
yardstick  for  selection  of  dielectric  materials  as  insulation 
when  high  frequency  and  high  temperature  applications  are 
warranted.  Ideally,  a  temperature  coefficient  (T^)  of 
0.0010/dB/°F  maximum  should  be  the  target.  Any  values 
above  the  limit  of  0.0010/dB/°F  should  be  avoided  by  making 
proper  selection  of  insulating  materials  (see  Figure  1). 

Near  end  crosstalk  of  individually  shielded  pairs  is 
significantly  higher  than  the  rest  of  the  samples  made  without 
any  shield  by  a  factor  of  about  two  (see  results  in  Table  Nos. 
8  thru  11).  Because  of  high  attenuation  values  at  higher 
frequencies,  the  crosstalk  values  are  not  noticeably  affected 
due  to  the  temperature  rise. 

Characteristic  impedance  (Z^)  values  are  reasonably  constant 
for  each  sample  at  the  three  temperatures,  RT,  110°  and 
150°F  except  the  sample  with  the  PVC  insulation  (see  Table 
12).  At  150°F,  PVC  insulation  produces  about  11%  lower  Z 
value  in  comparison  to  the  RT  data.  This  result  is  expecteS 
due  to  the  increase  in  mutual  capacitance  (C)  of  the  PVC 
insulated  sample  #9  over  the  RT  value  by  42%  (sec  Table 
1).  Since  2.^  is  inversely  proportional  to  42%  increase 
in  C  produces  about  19%  decrease  in  value.  The 
difference  between  the  measured  11%  against  the  theoretical 
19%  cannot  be  precisely  explained. 

The  increase  in  C  value  at  higher  temperature,  raises  an 
interesting  topic  of  the  dielectric  constant  of  the  insulating 
material  vs.  temperature.  In  equation  (9),  C  is  found  directly 
related  to  the  dielectric  constant  of  the  media  (consisting  of 
PVC  insulation  and  interstitial  air  space).  Since  the  center  to 
center  spacing  (S)  and  the  wire  diameter  (d)  are  expected  to 
remain  f  isonably  constant,  the  increase  in  C  can  be 
attributed  to  the  increase  in  the  dielectric  constant  of  the  PVC 
insulation  due  to  the  temperature  rise. 

In  summary,  manufacturers,  users  and  designers  of  the 
plenum  wiring  system  should  be  aware  of  the  limitations  of 
some  of  the  insulating  materials  intended  for  use  in  high 
frequency  and  high  temperature  applications. 


TABLE  12 


Average  Z„  @  1  MRt  va.  Temperature 


Sample 

2. 

@  1  MHz 

44,  (*) 

No. 

70”F 

llO’F 

150*F 

70'F-110°F 

70*F-150*F 

1  1 
(ECTFE/ECTFE) 

95.8 

96.2 

94.4 

0-4 

-1.5 

3 

(FEP/ECTFE) 

110.0 

109.6 

108.5 

-0.4 

-1.4 

9 

(PVC/PVC 

96.5 

90.7 

86.1 

-6.0 

-10.8 

12 

(PE/PVC) 

108.6 

104.2 

104.4 

-4.1 

-.T.9 
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10.  Empirical  Relations  for  Attenuation  versus 

Temperature 

After  analyzing  the  temperature  coefficient  (T^)  data  shown 
in  Table  7,  the  following  approximate  empirical  relations  for 
attenuation  vs.  temperature  (T)  have  been  developed. 

RT  to  tlO-F 

A.  Insulation;  FEP 

64  kHz  to  40  MHz  Range; 

OT  =  ort  [1  +  0.0011  (T-RT)]  (15) 

B.  Insulation;  ECTFE 
64  kHz  to  8  MHz  Range; 

ax  =  «RT  [1  +  0.0014  (T-RT)] 

8  MHz  to  40  MHz  Range; 

ax  =  aRx[l  +  0.0030  (T-RT)] 

llO^F  -  1S0°F 

A.  Insulation;  FEP 
64  kHz  to  40  MHz  Range; 

Ox  =  orx  [1  +  0.0010  (T-RT)]  (18) 

B.  Insulation;  ECTFE 

64  kHz  to  10  MHz  Range; 

Ox  s  ORX  [1  +  0.0008  (T-RT)]  (19) 

10  MHz  to  40  MHz  Range; 

ox  =  ORX  [1  +  0.0018  (T-RT)]  (20) 

For  polyethylene,  the  temperature  coefficient  (T^)  is  well 
established  within  wide  frequency  and  wide  temperature 
range.  This  value  is  0.0010/dB/'’F. 

Ideally,  the  temperature  coefficient  of  attenuation  (T^)  of  the 
plenum  wires  should  be  0.0010/dB/°F.  From  this  standpoint, 
FEP  insulation  meets  the  above  expectation  in  the 
temperature  range  of  RT  to  150°F,  and  the  frequency  range 
of  64  kHz  to  40  MHz,  the  maximum  limits  of  the  current 
measurements. 

For  PVC,  (Tj)  values  are  ever  increasing  with  the  increase  in 
frequency  and  no  attempt  has  been  made  to  develop  empirical 
relations.  In  simple  language,  PVC  insulated  cables  should 
be  avoided  in  applications  where  high  frequency  signals  and 
higher  than  room  temperature  environments  are  expected. 

While  not  as  poor  a  choice,  ECTFE  insulation  may  also 
create  some  problems  in  the  higher  frequency  band  (see 
Figure  1  and  Table  7). 
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ABSTRACT 


2.  EXPERIMENTAL 


Highly  expanded  insulation  mater¬ 
ials  for  coaxial  cables  are  composed 
of  base  resin,  nucleating  agent  and 
blowing  agent.  Development  of  new 
materials  had  been  necessary  to  solve 
problems  arising  from  productivity  of 
cables,  quality  of  insulation  and  world 
environment.  Mechanical  strength, 
dissipation  factor  at  high  frequency 
and  foaming  extrusion  processability  of 
various  materials  were  evaluated,  and 
it  was  found  that  followings  are  suit¬ 
able  for  new  substitute  materials; 
polypropylene  as  a  better  base  resin 
than  the  conventional  high  density 
polyethylene,  boron  nitride  as  an 
nucleating  agent,  and  HCFC22  as  a  blow¬ 
ing  agent  owing  to  environmental 
compatibility  and  good  processability. 


1.  INTRODUCTION 

In  accordance  with  a  growing 
demand  for  coax ’a  1  cables  with  highly 
expanded  insulation,  high  productivity 
and  product  quality  improvement,  in 
particular,  higher  mechanical  strength 
and  lower  electrical  loss  of  insulation, 
have  become  necessary.  It  has  also 
been  required  to  find  a  new  blowing 
agent  to  replace  chlorof luorocar bons 
(CFC12,CFC114) ,  because  it  causes 
environmental  pollution  such  as  oxone 
depletion. 

Problems  of  conventional  mater ia Is 
and  relating  material  properties  are 
summarized  in  Table  1.  To  solve  these 
problems,  we  have  conducted  R  &  D  on 
the  development  of  a  new  base  resin, 
nucleating  agent  and  blowing  agent  as 
improved  materials  for  expanded 
insulation. 


2.1.  Materials 

2.1.1.  Niicl eating  Agent 

Instead  of  azodicarbonamide  (ADCA) 
which  produces  nucleating  gas  for  physi¬ 
cal  foaming  extrusion  process  by 
chemical  decomposition,  low  polarity 
and  finely  divided  powder  of  inorganic 
compounds  such  as  aluminum  oxide, 
magnesium  oxide,  zirconium  oxide  and 
boron  nitride  were  used  as  new  nucleat¬ 
ing  agents.  These  nucleating  agents 
were  added  to  base  resins  in  a  varied 
amounts. 

2.1.2.  Base  Resin 

High  density  polyethylene  (HDPE) 
and  low  density  polyethylene  (LDPE) 
were  the  conventional  base  resins.  For 
the  experiment,  polypropylene  copolymer 
(PP)  which  was  expected  to  yield  high 
mechanical  strength,  low  dissipation 
factor  at  high  frequency'  and  good  foam¬ 
ing  extrusion  processability^  was  used 
as  an  alternative  base  resin.  Proper¬ 
ties  of  base  resins  are  compared  in 
Table  2. 


2.1.3.  Blowing  Agent 

Chlorof luorocarbons  (CFC12,CFC114) 
used  as  conventional  blowing  agents  are 
now  undesirable  for  industrial  use, 
because  they  cause  environmental  pollu¬ 
tion  such  as  ozone  depletion.  Four 
hydroch lorof luorocarbons  (HCFC22, HCFC12 
3,HCFC141b,HCFC142b)  which  have  low 
ozone  depletion  potential  ratings  and 
hydrofluorocarbon  (HFC134a)  which  has 
zero  ozone  depletion  potential  were 
used  as  alternative  blowing  agents. 
These  blowing  agents  were  added  to 
molten  resin  (mixture  of  the  base  resin 
and  the  nucleating  agent)  from  a  blow¬ 
ing  agent  inlet  formed  separately  in  an 
extruder.  Properties  of  the  blowing 
agents  are  shown  in  Table  3. 
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2.2.  Materials  Screening  Tests 

2.2.1.  Dissipation  Factor 

ItTs  very  difficult  to  evaluate 
dissipation  factor  (tan  5 )  of  a  base 
resin  and  a  nucleating  agent  at  high 
frequency  by  sheet  test.  Therefore, 
coaxial  cable  method  was  used.  A  Base 
resin  or  a  mixture  of  a  base  resin  and 
a  nucleating  agent  was  supplied  in  a 
30-imn  diameter  extruder  and  extruded  on 
a  0.8-mm  diameter  annealed  copper  wire 
to  form  insulated  wire  having  a 
insulating  layer  5-mm  in  outer  diameter. 
Then,  copper  wire  braid  and  PVC  sheath 
were  applied  to  the  outside  of  insulat¬ 
ing  layer.  Further,  high  frequency  of 
1.0  GHz  was  applied  on  the  coaxial 
cable  at  room  temperature  and  tan  5 
was  calculated  from  damping  attenuation. 

2.2.2.  Mechanical  Strength 

Mechanical  strength  of  a  base 

resin  was  evaluated  by  flexural  modulus 
according  to  ASTM  D790. 

2.2.3.  F9aming  Extrusion  Processability 

A  mixture  of  a  base  resin  and  a 

nucleating  agent  was  feeded  into  a  30- 
mm  diameter  extruder  and  foam  extruded 
on  a  1.2-mm  diameter  annealed  copper 
wire  while  adding  blowing  agent  from  a 
blowing  agent  inlet  formed  separately 
in  the  extruder,  to  produce  insulated 
wire  having  foamed  insulating  layer  10- 
mm  in  outer  diameter.  Void  fraction 
(occupied  fraction  of  foams)  varied 
greatly  depending  upon  the  injected 
blowing  agent.  After  foaming  extrusion, 
maximum  void  fraction  and  foam  struc¬ 
ture  of  foamed  insulating  layer  were 
evaluated. 


2.3.  Manufacturing  a  CATV  Cable  Using 
New  Materials 

Standard  size  CATV  cable  with 
about  80-%  void  fraction  was  manufactur¬ 
ed  by  a  coaxial  cable  extrusion  line 
with  highly  expanded  insulation  using 
new  materials.  Then,  electrical  and 
mechanical  properties  of  cable  were 
evaluated.  The  extrusion  line  is  shown 
in  Fig.  1 . 


3.  RESULTS  AND  DISCUSSIONS 

3.1.  Materials  Screening  Tests 

3.1.1.  Nucleating  Agent 

Conventional  4,4'oxybis(benzene- 

sulfony Ihydrazide)  (OBSH)  and  ADCA  are 
relatively  good  nucleating  agents  owing 
toexcellent  foaming  extrusion  process- 
ability,  but  for  OBSH  drying  of  insula¬ 
tion  is  necessary  to  remove  moisture 
formed  by  chemical  decomposition  reac¬ 
tion.  ADCA  has  bad  electrical  proper¬ 
ties  with  high  tan  (5  because  its  decom¬ 
position  products  are  polar  molecules. 
In  order  to  improve  productivity  by 
eliminating  moisture-drying  process 
and  product  quality  by  reducing  elec¬ 
trical  loss,  uissipation  factors  and 
foaming  extrusion  processabilities  of 
nucleating  agents  were  evaluated  first. 

Nucleating  agents  were  added  to 
high  density  polyethylene  in  vaired 
amounts  and  tan  5  of  mixtures  at  1.0 
GHz  were  calculated  from  damping  attenu¬ 
ation  by  coaxial  cable  method,  the 
results  are  shown  in  Table  4.  There 
were  almost  no  increase  in  tan d 
caused  by  increased  mixing  amounts  of 
boron  nitride,  zirconium  oxide  and 
magnesium  oxide  fine  powders,  while 
tan  §  increased  along  with  increased 
mixing  amounts  of  aluminum  oxide  and 
ADCA.  Therefore  boron  nitride, 
zirconium  oxide  and  magnesium  oxide 
have  satisfactory  electrical  insula¬ 
tion  property.  Foaming  extrusion 
processabilities  of  mixtures  of  nucleat¬ 
ing  agents  and  high  density  polyethy¬ 
lene  were  also  evaluated.  In  this 
experiment,  HCFC22  was  used  as  a  blow¬ 
ing  agent  and  the  results  are  shown  in 
Table  5.  It  is  noted  that  foamed 
insulating  layers  had  uniform,  fine 
structures  and  high  void  fractions  when 
boron  nitride  and  ADCA  were  used.  Foam 
structures  were  giant,  when  zirconium 
oxide  and  magnesium  oxide  were  used. 

These  results  suggest  that  boron 
nitride  having  a  good  electrical  proper¬ 
ty  (low  tan 5 )  and  a  good  foaming  extru¬ 
sion  processability  is  an  excellent 
nucleating  agent.  It  is  possible  to 
omit  dry  treatment  of  foamed  insulating 
layer  and  improve  electrical  loss  of 
insulation. 

3.1.2.  Base  Resin _ 

It  is  very  important  to  decrease 
electrical  loss  and  to  increase 
mechanical  strength  of  expanded  insula- 
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tion.  Therefore,  dissipation  factor, 
flexural  modulus  and  foaming  extrusion 
processability  were  evaluated. 

Dissipation  factors  of  the 
conventional  high  density  polyethylene 
and  new  polypropylene  at  1.0  GHz  were 
calculated  from  damping  attenuation  by 
coaxial  cable  method.  The  results  are 
shown  in  Table  6.  Dissipation  factor 
of  new  polypropylene  was  lower  than 
that  of  polyethylene,  as  had  been 
already  reported^. 

Flexural  moduli  of  high  density 
polyethylene,  mixture  of  high  density 
polyethylene  and  low  density  polyethy¬ 
lene,  low  density  polyethylene,  and 
polypropylene  were  determined.  The 
results  are  shown  in  Table  7. 

Flexural  modulus  of  polypropylene  was 
higher  than  that  of  the  conventional 
polyethylene,  indicating  that  an  effect 
of  increased  compressive  strength  of 
foamed  insulating  layer  can  be  obtained. 

The  conventional  high  density  poly¬ 
ethylene  and  novel  polypropylene  were 
compared  in  foaming  extrusion  process- 
ability  test.  In  this  test,  boron 
nitride  which  has  good  electrical 
property  and  foaming  extrusion  process- 
ability  was  used  as  an  nucleating  agent, 
and  HCFC22  was  used  as  a  blowing  agent. 
The  results  were  shown  in  Table  8. 

Void  fraction  of  polypropylene  foamed 
insulating  layer  was  higher  than  that 
of  polyethylene  foamed  insulating 
layer.  Furthermore  foamed  insulating 
layer  had  uniform  and  fine  structure 
when  polypropylene  was  used. 

These  results  show  polypropylene 
has  lower  dissipation  factor,  higher 
mechanical  strength  and  better  foaming 
extrusion  proce.ssabi  1  ity  than  the 
conventional  high  density  polyethylene. 
By  using  polypropylene  as  base  resin, 
highly  expanded  coaxial  cables  with 
product  quality  improvement,  in 
particular,  higher  mechanical  strength 
and  lower  electrical  loss  of  insulation 
can  be  obtained. 

3.1.3.  Blowing  Agent 

Ch lorof luorocarbons  (CFC12,CFC114) 
were  widely  regarded  as  the  preferred 
blowing  agents  for  the  manufacture  of 
highly  expanded  insulations  for  coaxial 
cables.  The  success  of  chlorof luoro¬ 
carbons  as  blowing  agents  is  due  to 
their  unique  properties  such  as 
adequate  solubility  in  the  molten  poly¬ 
ethylene  resin,  appropriate  volatility. 


low  order  of  toxicity  and 
nonflammability.  Recent  concern  over 
environmental  issues  including  ozone 
depletion  and  greenhouse  effect  has 
focused  attention  on  the  use  of  large 
quantities  of  chlorof  luorocarbons"^. 

By  using  boron  nitride  as  a 
nucleating  agent  and  polypropylene  as  a 
base  resin,  several  alternative 
compounds  were  evaluated  as  replace¬ 
ments  for  CFC12  and  CFC114.  The 
results  are  listed  in  Table  9.  Void 
fraction  of  insulating  layer  when  HCFC 
22  was  used  was  as  high  as  that  of 
insulating  layer  when  the  conventional 
CFC12  or  CFC114  was  used.  Furthermore 
foamed  insulating  layer  had  uniform  and 
fine  structure  when  HCFC22  was  used. 

HCFC22  has  also  such  advantages 
as  low  ozone  depletion  potential  rat¬ 
ings,  low  greenhouse  potential  ratings, 
nonflammability,  cost-effectiveness  due 
to  its  lower  molecular  weight  (HCFC22: 
87,  CFC12:121,CFC114:171)  and 
commercial  availability.  Therefore, 
HCFC22  was  selected  as  the  most 
favorable  blowing  agent. 


3.2.  Manufacturing  a  CATV  Cable  Using 

New  Materials 

It  is  important  to  apply  labora¬ 
tory  test  results  to  actual  commercial 
cable  manufacturing,  by  using  new  mater¬ 
ials. 

Polypropylene,  boron  nitride  and 
HCFC22  were  selected  as  base  resin, 
nucleating  agent  and  blowing  agent 
respectively,  according  to  the 
materials  screening  tests  re  i Its.  As 
P9lypropy lene  does  not  have  good  oxida¬ 
tive  stability  especially  in  the 
presence  of  copper,  copper  inhibitor 
and  antioxidant  were  added. 

A  standard  size  8C  CATV  cable  with 
about  80-%  in  void  fraction,  2.04-mm  in 
inner  conductor  diameter  and  9.55-mra  in 
outer  conductor  diameter  were  manufac¬ 
tured  without  moisture-drying  process 
of  insulation. 

The  cross  section  of  foamed  insula¬ 
tion  is  shown  in  Fig.  2.  It  had 
uniform  and  fine  structure. 

Cable  structures,  electrical 
properties  and  mechanical  properties  of 
the  cable  are  shown  in  Table  10.  These 
properties  of  the  cable  were  excellent 
and  satisfied  the  specification  of  JIS 
C3503  (CATv  Coaxial  Cables). 
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Frequency  characteristics  of 
attenuation  constants  and  structual 
return  loss  are  shown  in  Fig.  3  and  Fig. 
4.  Attenuation  constants  are  equal  to 
those  of  cables  manufactured  by  using 
the  conventi9naI  materials  with 
moisture-drying  process  of  insulations. 
The  structual  return  loss  charts  show 
excellent  properties. 

Comparison  between  the  foamed  insu¬ 
lation  made  by  the  conventional  mater¬ 
ials  and  that  made  by  new  materials  is 
shown  in  Tablell.  Hardness  (mechanical 
strength)  of  the  foamed  insulation 
prepared  by  new  materials  is  larger 
than  that  of  the  insulation  by  the 
conventional  materials.  Further, 
oxidative  stability  of  foamed  insula¬ 
tion  used  new  materials  is  excellent. 

These  results  show  that  high 
quality  coaxial  cables  with  high  mecha¬ 
nical  strength  and  low  electrical  loss 
can  be  produced  under  high  productivity 
without  environmental  destruction  by 
use  use  of  alternative  blowing  agent. 
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4.  CONCLUSIONS 

New  extrusion  materials  for 
highly  expanded  insulations  for  coaxial 
cables  were  developed.  Polypropylene, 
boron  nitride  and  HCFC22  proved  to  be 
the  best  base  resin,  nucleating  agent 
and  blowing  agent,  respectively.  By 
using  these  new  materials,  high 
quality  coaxial  cables  can  be  produced 
under  high  productivity  without  environ¬ 
mental  destruction. 
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Table  1  Problems  of  Materials  for  Highly  Expanded  Insulations  for  Coaxial  Cables 


Material 

Conventional 

material 

Problem 

Property  related 
to  material 

Base  resin 

♦HDPE 

•HDPE/LDPE 

•Lowering  electrical  loss 
•Increasing  mechanical 
strength  of  insulation 

•tan  5 

•Flexural  modulus 

•Foaming  extrusion 
processabi 1 ity 

Nucleating 

agent 

• OBSH , ADCA (Organ i c) 
•Talc (Inorganic) 

•Lowering  electrical  loss 
•Productivity  improvement 

•tan  d 

•Foaming  extrusion 
processabi 1 ity 

Blowing 

agent 

•CFC12 

•CFC114 

•Environmental  pollution 

•Ozone  depletion 
potential  rating 
•Foaming  extrusion 
processabi 1 ity 

Table  2  Properties  of  Base  Resins 


- 1 

Base  resin 

High  density 
polyethylene 

Low  density 
polyethylene 

Polypropylene 

Density  (g/cm^) 

0.945 

0.90 

Melt  flow  rate  (g/lOmin.) 

0.9 

1.8 

Table  3  Properties  of  Blowing  Agents 


Blowing 

agent 

MV 

(-) 

BP 

(^C) 

Ozone 

depl . 
pot. (-) 

Flammable  1 imit 

in  air 
{%  by  Vol.) 

Mfg. 

process 

Est. 

cost 

Possible 

alternative 

HCFC22 

87 

-41 

0.05 

No 

Yes 

IX 

HCFC123 

153 

28 

0.02 

No 

Yes 

2x 

HFC134a 

102 

-27 

0.00 

No 

No 

5x 

HCFCUlb 

117 

32 

0.10 

6.4-15.1 

No 

2X 

HCFC142b 

101 

-  9 

0.06 

6.7-14.9 

Yes 

2x 

Conventional 

compound 

CFC12 

121 

-30 

1.00 

No 

Yes 

IX 

CFC114 

171 

4 

1.00 

No 

Yes 

IX 
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Table  4  Dissipation  Factors  of 
Mixtures  of  High  Density 
Polyethylene  and  Nucleating 
Agents  by  Coaxial  Cable  Method 


Nucleating 

Nucleating 

tan  5  at 

agent 

agent  (%) 

l.OGHz (-) 

1.6X10-^ 

BN 

1.6X10-^ 

2.0 

1.5x10-^ 

0.5 

1.6X10'^ 

Zr02 

1.0 

1.7x10-4 

2.0 

1.6x10-4 

0.5 

1.6x10-4 

MgO 

1.0 

1.5x10-4 

2.0 

1.5x10-4 

0.5 

1.6x10-4 

AI2O3 

1.0 

1.9x10-4 

2.0 

2.3x10-4 

0.5 

2.1x10-4 

ADCA 

1.0 

2.5x10-4 

2.0 

3.6x10-4 

None 

0.0 

1.6X10-4 

Table  5  Foam  Extrusion  Results  of 

Nucleating  Agents  (Base  Resin: 
High  Density  Polyethylene, 
Blowing  Agent:  HCFC22) 


Nucleating 
agent  (%) 

Foam  extrusion  result 

Void 

fraction 

{%) 

Foam 

structure 

BN 

1.0 

Uniform  and  fine 

Zr02 

1.0 

70 

Giant 

MgO 

1.0 

73 

Giant 

ADCA 

0.5 

Uniform  and  fine 

Table  6  Dissipation  Factors  of 
Base  Resins  Measured 
by  Coaxial  Cable  Method 


Base  resin 

tan  d  at  l.OGHz (-) 

High  density 
polyethylene 

1.6x10-4 

Polypropylene 

1.1x10-4 

Table  7  Flexural  Moduli  of 
Base  Resins 


Base  resin 

Flexural  modulus 
(kg/mm^) 

HDPE 

61 

HDPE/LDPE=70/30 

44 

HDPE/LDPE=50/50 

36 

HDPE/LDPE=30/70 

29 

LDPE 

15 

Polypropylene 

76 

Table  8  Foam  Extrusion  Results  of  Base 
Resins  (Nucleating  Agent: 

Boron  Nitride  1.0  %, 

Blowing  Agent:  HCFC22) 


Base 

res  i  n 

Foam  extrusion  result 

Void 

fraction 

{%) 

Foam 

structure 

High  density 
polyethylene 

80 

Uniform  and  fine 

Polypropylene 

86 

Uniform  and  fine 
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Table  9  Foam  Extrusion  Results  of 
Blowing  Agent  (Nucleating 
Agent:  Boron  Nitride  1.0 
Base  Resin:  Polypropylene) 


Blowing 

agent 

Foam  extrusion  result 

Void 

fraction 

(%) 

Foam 

structure 

HCFC22 

86 

Uniform  and  fine 

HCFC123 

79 

Uniform  and  fine 

HFC134a 

73 

Uniform  and  fine 

HCFCHlb 

77 

Uniform  and  fine 

HCFCU2b 

87 

Uniform  and  fine 

CFC12 

83 

Uniform  and  fine 

CFC114 

85 

Uniform  and  fine 

Table  11  Comparison  of  Foamed  Insulation 
Properties 


_ 1 

New 

Conven. 

Material 

used 

- 1 

Base 

resin 

PP 

HDPE 

Nucleaing 

agent 

BN 

1.0  % 

ADCA 

0.5  % 

Blowing 

agent 

Void  fraction  (S!) 

80 

Hardness  (Shore  D) 

70 

DSC  OIP  at  220  X: 

(min. ) 

16 

11 

Aging  test  at 

120  °C,  100  days 

No 

cracks 

No 

cracks 

Table  10  Properties  of  CATV  Cable  Manufactured  by  Using  New  Materials 


8C  CATV  cable 

Specification 

of  JIS  C3503 

Cable 

structure 

Diameter  of  inner  conductor  '!mm) 

2.04 

2.1±0.08 

Diameter  of  core  (mm) 

8.2 

8.5 

Diameter  of  outer  conductor  (ram) 

9.6 

9.5±0.3 

Diameter  of  PE  Jacket  (mm) 

11.7 

11.9±0.6 

Electrical 

property 

Attenuation  constant  at  200  MHz  (dB/Km) 

45 

under  52 

Capacitance  (pF/m) 

52 

- 

Velocity  of  propagation  (^) 

88 

- 

Characteristic  inpedance  (Q) 

74 

75±3 

Dielectric  constant  (-) 

1.2 

- 

Dissipation  factor  to  frequency  of 
l.OGHz  (-) 

0.65X10-'"- 

1.10X10-^ 

Mechanical 

property 

Pull-out  strength 

Outer  conductor  to  insulation  i.kgf/m) 
Inner  conductor  to  insulation  (kgf/m) 

190 

110 

over  20 

Bending  test  [Note] 

No  cracks 

[NotclBcnding  diameter :200mm.  Bending  angle:  ±]80''/cycle,  Number  of  bending:.!  cycles 
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©  Supply  Reel 
@  Preheater 
@  Sizing  Die 
®  Take-up  Capstan 


©  Pay-off  Capstan  @  Blowing  Agent  Inlet  Puep 
©  First  Extruder  ©  Second  Extruder 

®  Cooling  Trough  (g)  Monitor 

®  Take-up  Reel 


Fig.  1  Extrusion  Line  for  Coaxial  Cable  Core  with  Highly  Expanded  Insulation 


Fig.  2  Cr(is.s  Section  of  Highly  Expanded 
Insulation  Using  Now  Materials 
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Attenuation  Constant  vs  Frequency  Characteristics  of  CATV  Cable 
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High  Speed  Transmission  Coaxial  Cable  by  A  New  Polyolefin  Material 
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1.  The  Furukawa  Electric  Co.,  Ltd.  2.  Ube  Industries  Ltd. 
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Summary 

Recently,  miniature  coaxial  multi-flat  cables 
with  highly  expanded  insulation  are  required  to 
achieve  the  more  short  operation  time  and  to  get 
more  intensification  in  density  of  computer 
systems.  So  we  have  developped  a  new  material  to 
get  highly  expanded  thin  insulation  wire.  By 
studying  of  relationship  between  rheological 
parameters  and  expansive  properties  of  polymer, 
we  have  found  that  melt  tension  and  ultimate  draw 
rate  influence  greatly  on  the  expansive 
properties.  If  both  parameters  are  suitable,  the 
polymer  have  a  good  expansive  properties  in  spite 
of  the  thin  thickness  of  insulation.  Also 
examining  the  mechanical  and  electrical 
properties  of  polymer,  we  have  developped  a  new 
material.  The  muici-flat  cable  with  this 
material  has  872  velcsity  of  propagation  and 
acurate  pitches  between  conductors. 

1 .  Introduction 

With  amounts  of  signal  and  speed  of  operation 
time  in  signal  processors  such  as  large 
computers,  magnetic  core  storages  and 
communication  equipment  increasing,  there  is  also 
a  growing  demand  for  finer  and  multi  -  core  type 
rabies  possessing  high  speed  transmission 
characteristics,  which  are  wired  inside  those 
facilities.  In  the  meantime,  automatic  terminal 
processers  have  begun  to  be  adopted  as  a  way  to 
process  cable  terminals  in  view  of  reliability  on 
high  density  multi  terminal  connectors  and  also 
from  viewpoint  of  economy.  For  that  reason, 
every  parts  of  a  cable,  including  its  pitch 
between  signal  lines  requires  high  dimensional 
accuracy.  To  meet  such  requirements.  Rectangular 
Jacket  typed  High  Speed  Cable  has  been  developed.' 
Since  this  type  of  cable  has  narrow  line  -  to  - 
line  pitch  of  1.27nim  and  its  transmission  delay 
time  is  as  high  as  3.80ns/m,  over  702  highly 
expanded  insulation  is  needed  for  a  cable  with 
less  than  0.3mm  insulation  thickness.  Such  a 
highly  expanded  insulation  with  thin  thickness  is 
very  difficult  to  be  obtained  from  conventional 
polyolefin  (such  as  LDPE,  HOPE  or  PP,  for 
instance),  and  at  the  same  time,  double  layer 
simulatenous  extrusion  was  required  for  getting 
it 

The  Furukawa  Electric  Company  and  Ube 
Industries,  Ltd.  jointly  developed  new  polyolefin 


material  being  able  to  make  highly  expanded 
insulation  with  thin  thickness  even  in  single 
layer  insulation,  which  has  conventionally  been 
considered  to  be  difficult  to  get.  The  material 
also  has  favorable  expansion  characteristics  to  a 
double  layers  insulation  and  is  optimum  for  afore 
-  mentioned  cables. 

In  the  development  of  the  material,  it  was 
found  out,  as  a  result  of  a  study  made  on  the 
relationship  between  expansion  characteristics  of 
the  material  in  thin  thickness  and  rheological 
parameters,  that  its  expansion  characteristics 
are  greatly  influenced  by  melt  tension  and 
ultimale  draw  rate  of  the  material,  both  of  which 
were  unknown  characteristics  by  that  time  and 
that  the  material  possessing  suitable  values  of 
above  characteristics  shows  favorable  expansion 
characteristics  in  spite  of  thin  thickness. 

This  report  describe  the  result  of  our  study 
on  those  characteristics  and  a  small  coaxial 
multi  -  flat  cable,  in  which  the  material  is 
used. 

2.  Development  of  Material  for  Expansion 

Conventionaly ,  various  kinds  of  material  have 
been  used  for  insulations  of  expanded  insulation 
cables,  depending  on  size  of  cable,  expansion 
ratio  of  insulation  and  circumstances,  under 
which  it  is  used.  The  kinds  of  material  are 
roughly  divided  into  two  categories,  i.e. 
fluorine  polymer  and  polyolefin. 

Among  polyolefins,  LDPE,  HDPE  or  PP,  all  of 
which  posess  excellent  electric  property  is  used 
alone  or  after  they  are  blened.  Among  these 
substances,  a  blend  of  LDPE  and  HDPE  has  been 
used  as  material  for  high  expansion.^  Using  the 
material  for  high  expansion,  it  is  possible  to 
get  702  highly  expanded  insulation,  when  its 
thickness  is  large,  that  its  outer  diameter  is 
over  1.15mm.  However  it  is  imposible  to  get  over 
702  high  expansion  and  smooth  extruded  surface, 
when  insulation  thickness  is  thin,  that  is  less 
than  1mm  outer  diameter  insulation,  which  is  used 
for  small  coaxial  multi  -  flat  cables.  That 
means  that  the  material  is  suitable  for  getting 
expansion,  which  has  relatively  large  cell 
whereas  it  is  inadequate  for  getting  expansion 
having  thin  thickness,  where  small  cells  are 
densely  contained. 
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Rheological  property  of  material  is  of 
importance  for  expansion.  It  is  important  to 
obtain  a  proper  condition  by  taking  balance 
between  pressure  of  expanding  gas  and  melt 
elasticity  of  polymer  in  a  cell,  in  order  to 
obtain  a  wire  with  high  expansion  insulation  with 
smooth  surface.  Up  to  present,  much  studies  have 
been  made  on  the  relationship  between  melt 
elasticity  of  polymer  and  its  expansion 
characteristics.  Those  studies  have  focused  on 
MI  and  swell  ratio  and  have  discussed  the 
relationship  between  those  terms  and  expansion 
characteristics.  However,  as  the  subject  of 
those  studies  is  large  thickness  insulation  and 
large  cell  size,  it  is  difficult  to  directly 
apply  the  result  of  studies  to  thin  thickness 
type.  In  order  to  overcome  the  difficulty,  we 
made  a  detailed  study  on  the  relationship  between 
rheological  property  of  material  and  its 
expansion  characteristics.  The  result  could 
prove  their  relathinship  to  some  extents  and 
found  a  rheological  area,  in  which  high  expansion 
can  be  obtained  even  at  thin  thickness. 

Based  on  the  results  of  the  study,  new 
polyolefin  material  was  development  by  taking 
account  of  electrical  and  mechanical  properties, 
which  need  for  insulation. 

2 . 1  Evaluation  of  Characteristics  of  Material 

Various  terms  have  been  known  as  indicators 
of  rheorogical  property  of  material.  For 
example,  some  of  them  are  MI,  swell  ratio,  melt 
viscosity  and  its  dependence  on  temperature  and 
shear  rate,  and  melt  tension. 

Among  those  terms,  our  study  focused  on  swell 
ratio,  melt  tension  and  ultimate  draw  rate,  all 
of  which  are  relatively  easy  to  be  measured,  and 
our  study  was  made  on  the  relationship  between 
them  and  expansion  characteristics.  Melt  tension 
and  ultimate  draw  rate  were  measured  with  a 
device  shown  in  Fig.  1.  Melt  tension  is 
specified  as  tension  which  is  added  to  extruded 
polymer,  when  it  is  taken  up  by  a  bottom  roller, 
and  ultimate  draw  rate  is  specified  as  speed  when 
the  polymer  is  fracture.  In  addition  to  above 
study,  a  detailed  study  was  made  on  rheological 
properties  and  morphology  of  typical  specimens  to 
investigate  into  which  properties  of  the  material 
allow  to  obtain  high  expansion,  even  in  thin 
thickness . 


Fig.  1  Schematic  Diagram  of  Apparatus 

2.2  Evaluation  of  Expansion  Characteristics 

Expansion  characteristics  of  material  was 
evaluated  by  the  expansion  ratio  and  surface  of 
expanded  wire,  which  was  obtained  after  it  was 
actually  processed  by  expansion  extrusion.  Used 
extruder  was  a  single  etruder  with  23mm0  with  25 
of  L/D,  and  Freon  gas,  an  inactive  gas,  was  used 
as  an  expansion  agent.  A  0.16mm  diameter 
conductor  was  covered  with  expanded  insulation  by 
using  pressurized  extrusion.  The  expanded 
insulation  wire  has  outer  diameter  of  0.6mm 
(insulation  thickness  0.22mm). 

2.3  Characteristics  of  Material  and  Result  of 

Extrusion 

The  kinds  of  material  we  used  for  our  study 
are  7  kinds  of  polyolefin  material,  which  can  be 
extruded  to  get  smooth  surface. 

Both  Sample  A  and  B  are  a  blend  of  LDPE  and 
HDPE  and  sample  from  C  to  G  are  polyolefin 
blends,  which  were  newly  prepared  for  studies. 
The  polyolefin  blends  were  prepared,  because  they 
might  have  possibility  to  show  high  expansion 
even  in  this  thickness.  Each  kind  of  material  is 
adjusted  to  posesse  different  characteristics  by 
changing  kind  of  base  material  and  blend  ratio. 
Characteristics  of  material  and  obtained 
expansion  ratio  of  extruded  material  are  shown  in 
Table  1.  The  results  shown  in  Table  1  clearly 
indicate  that  high  expansion  of  about  BOX  is 
obtainable,  when  polyolefin  blend  is  used. 
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Table  1  Characteri'stics  of  Material  and  Result 


S.iniplc 

MI 

Swell 

Melt 

Tension 

L'itirnate 

Draw  Ratio 

Dxpansion 

F^atio 

g/niin 

% 

S 

m/  tv.  in 

'^0 

A 

LDPE+HDPE 

0.35 

85 

6.G 

3'1 

60 

B 

LDPE+HDPE 

4.10 

57 

1,2 

ITO 

58 

C 

Polyolefin  Blend 

2.10 

76 

2.9 

105 

73 

D 

Polyolefin  Blend 

2.00 

87 

^.1 

G-l 

8U 

1 

E 

Polyolefin  Blend 

2.00 

86 

2,9 

lo9 

79 

F 

Polyolefin  Blend 

1.20 

85 

3.3 

164 

74 

G 

Polyolefin  Blend 

1,40 

88 

l.G 

313 

1 

50 

2.4  Discussion  about  Melt  Characteristics  and 

Expansion  Characteristics 

1)  Relationship  with  Swell  Ratio 

Fig.  2  shows  the  relationship  between  swell 
ratio  and  expansion  ratio.  As  is  clear  by  Fig. 
2,  no  correlation  is  observed  between  swell  ratio 
and  expansion  ratio,  that  is,  Specimen  A,  D,  E, 
F,  and  G  all  show  their  swell  ratio  of  about  852, 
whereas,  their  expansion  ratio  changes 
considerably  in  the  range  of  between  50  and  802. 
Contrary  to  conventional  theory  that  swell  ratio 
has  correlation  with  expansion  characteristic  on 
large  thickness  type,  no  relationship  was 
observed  between  them.  A  likely  reason  is  that 
in  large  thickness  type,  cells  grow  larger  in 
balance  with  melt  elasticity  and  expansive  gas 
pressure,  in  such  case,  relationship  exist 
between  swell  ratio  and  elasticity  whereas,  such 
relationship  does  not  exist  in  thin  thickness 
type  as  those  specimens  used  this  time  because 
this  type  needs  to  form  a  lot  of  minute  cells. 


2)  Relationship  with  Melt  Tension 

Fig.  3  shows  relationship  between  melt 
tension  and  expansion  ratio.  This  figure  shows 
that  the  area,  where  over  702  high  expansion  is 
obtainable,  corresponds  to  the  area  of  about  3  — 
4  gr  of  melt  tension.  Material  posessing  such  a 
range  of  melt  tension  has  such  melt  elasticity 
that  high  expansion  can  be  got  even  in  thin 
thickness  type,  and  it  could  be  material,  in 
which  large  quantity  of  expansion  nucleus  is 
generated  and  then  they  form  a  thin  wall  so  that 
they  do  not  make  open  cells  after  they  grow  and 
are  assembled. 

It  is  estimated  that  when  value  of  melt 
tension  of  material  is  lower  than  that  indicate 
by  the  area,  the  material's  melt  elasticity  is 
too  low  to  overcome  pressure  of  expansion  gas  and 
because  of  it,  expansion  gas  tends  to  go  out  of 
material  easily.  On  the  other  hand,  when  value 
of  melt  tension  of  material  is  larger  than  that 
indicate  by  the  area,  the  material's  melt 
elastisity  is  too  high  for  cells  in  polymer  to 
overcome  gas  pressure  and  keep  growing. 


■vi  -  ^  □ 

^0  -  c 

Li - ^ ^ - ; _ ; _ _ _ i 

Fig.  2  Relationship  between  Swell  and 
Expansion  Ratio 


I 


Melt  TensK':'. . ' 

Fig.  3  Relationship  between  Melt  Tension 
and  Expansion  Ratio 


272  International  Wire  &  Cable  Symposium  Proceedings  1991 


Pig.  A  shows  relationship  between  ultimate 
draw  rate  and  expansion  ratio.  Although,  the 
relationship  is  not  clearer  than  that  between 
melt  tension  and  expansion  ratio,  it  can  be  said 
that  region  of  50~200m/min  is  favorable. 

Although  it  is  difficult  to  discuss  the 
effect  of  ultimate  draw  rate  alone  because  there 
is  negative  correlation  between  melt  tension  and 
ultimate  draw  rate  of  specimens,  which  were  used 
t’i  IS  time  as  shown  in  Fig.  5,  above  relationship 
suggests  that  ultimate  draw  rate  is  also  one  of 
indicators  in  selecting  material. 


100 

I'iliaiau  Dra'-v  Rann.ni  ni::-. ' 


Fig.  A  Relationship  between  Ultimace  Draw 
Ratio  and  Expansion  Ratio 


3  3 

Melt  Tcnsio.'Rg) 


SHEAR  PATE 

Fig.  6  Comparison  of  Viscosity  vs.  Shear  Rate 
for  Sample  A,B,C  and  D 

5)  Study  of  Morphology 


To  study  difference  of  each  of  samples  that 
have  good  or  bad  expansive  characteristics  was 
observed  under  transmission  electron  microscope 
(TEM).  As  shown  in  Fig.  7,  the  structure  of 
highly  expanded  specimen  looks  like  small  islands 
uniformly  distributed  in  sea,  while  that  of 
poorly  expanded  specimen  looks  like  big  islands 
which  are  formed  by  condensation  of  composition 
of  small  islands,  that  is,  it  can  be  understand 
that  when  composition  of  the  islands  is  uniformly 
distributed  in  small  form  in  the  sea,  the 
composition  serves  for  high  expansion,  but  when 
small  islands  coalesce  into  big  islands,  the 
composition  of  the  island  does  not  serve  for 
expansion.  Accordingly,  it  is  important  to  make 
a  study  on  the  comb  ..ition  and  mixing  ratio  of 
polyolefin  so  as  to  ^et  finely  distributed  micro 
phase  separation,  when  polyolefin  blend  is  used. 


Fig.  5  Relationship  between  Ultimate  Draw 
Ratio  and  Melt  Tension 


Study  of  Viscosity 


Fig.  6  shows  viscosity's  dependence  on  shear 
rate  of  specimen  A  to  D. 

As  this  figure  clearly  proves,  there  exists 
proper  viscosity  region  where  high  expansion  is 
obtainable,  and  high  expansion  can  not  be  got 
outside  the  region. 
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(a)  (b) 


Fig.  7  TEM  photograph  of  Polyolefin  Blend 
(xlS.OOO) 

(a)  good  expansive  (b)  bad  expansive 

2 . 5  Study  of  Electrical  Property  and  Mechanical 
Property 

Studies  having  been  made  so  far  has  proved 
that  over  75%  highly  expanded  material  such  as 
C~E  is  obtainable.  In  order  to  select  optimum 
one  among  these  for  a  small  coaxial  multi  -  flat 
cable,  attention  was  focused  on  their  electrical 
and  mechanical  properties.  Especially,  a 
highlight  was  shot  to  their  own  dielectric 
constant  (at  unexpanded  state),  because  low 
effective  dielectric  constant  is  needed  for  high 
speed  signal  transmission.  Adding  to  such 
property,  the  material  should  be  hard  and  be 
resistant  to  deformation,  since  it  undergoes 
Outer  force,  when  insulation  cables  are  made  into 
a  coaxial  cable.  Therefore,  their  tensile 
modulus  was  also  studied  as  a  part  of  their 
mechanical  properties.  Results  are  shown  in 
Table  2.  Material  D  is  optimum  for  the  purpose, 
as  it  has  the  lowest  dielectric  constant  of  2. AO 
and  the  highest  tensile  modulus  of  A70  kgf/mm^. 


Table  2  Comparison  of  Dielectric  Constant  and 
Tensile  Modulus 


Sample 

Dielectric  Constant 

Tensile  Modulus 

kgf/M* 

C 

281 

283 

D 

2.40 

470 

K 

275 

312 

2 .6  Developed  Material  and  Its  Property 

Properties  of  Material  D  are  shown  in  Table 
3.  The  material  allows  to  use  gas  and/or  thermal 
decomposition  type  expansion  agent.  In  every 


case,  some  80%  expansion  ratio  can  be  obtained. 
The  material  can  satisfy  thermal  resistivity  of 
UL  80°C,  when  an  adequate  antioxidant  is  added  to 
it.  Fig.  8  shows  a  cross  section  of  an  expanded 
insulation  cable,  in  which  the  material  is  used. 
The  cable  has  possibility  toward  time  delay  of 
3.60ns/m  because  it  achieved  effective  dielectric 
constant  of  less  than  1.20. 


Table  3  Properties  of  New  Polyolefin  Material 


kern 

Unit 

Value 

Melt  Index 

g/lOmin 

2.03 

Density 

i/cm' 

0.921 

Tensile  Strength 

kgf/aa* 

1.7S 

Elongation 

% 

615 

Brittleness  Topcralure 

1C 

-60  < 

Dielectric  Constant 

2.40 

Dielectric  Loss  Tangent 

3.40X10’ 

Volume  Resistivity 

Qco 

4.1X10“ 

Fig.  8  Cross  Section  of  Expanded  Polyolefin 
Insulation 


3.  Small  Coaxial  Multi  -  Flat  Cable 

Small  coaxial  multi  -  flat  cable  will  be 
introduced  in  the  following,  in  which  newly 
developed  polyolefin  D  is  used. 

3.1  Structure 

Miniature  coaxial  multi  -  flat  cable  for 
wiring  peripheral  equipment  of  computers  has 
structure  as  shown  in  Fig.  9.  An  expanded 
insulation  cable  with  skin  layers  is  covered  with 
a  PVC  jacket  after  it  is  loaded  together  with 
drain  wire  inside  an  aluminum  -  polyester 
laminated  tape.  Then,  each  of  coaxial  cores 
undergoes  intermittent  bonding  by  heat. 
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Fig.  9  Structure  of  Minuature  Coaxial  Cable 


3.2  Insulation  Wire 

Material  D,  Polyolefin  material  for 
expansion,  which  was  developed  this  time,  is 
capable  of  being  used  in  either  one  layer 
insulation  or  double  layers  insulation  which  has 
an  unexpanded  skin  layer  on  its  outside,  and  in 
both  cases,  it  si jws  favorable  expansion 
characteristics.  A  small  coaxial  multi  -  flat 
cable  adopted  a  double  layers  insulation  by 
taking  acount  of  mechanical  properties  and 
reliability  of  both  of  one  and  double  layer 
insulation.  The  insulation  cable  is  that  of 
about  80Z  of  expansion  ratio,  which  has  0.70mm 
outer  diameter  with  0.16mm  center  conductor  and 
its  outer  layer  has  0.05mm  skin  layer.  To 
manufacture  the  cable,  one  process  was  required 
in  which  a  common  head  consisted  of  two  extruders 
was  used.  Photograph  of  its  cross  section  is 
shown  in  Fig.  10. 


change  minimum  level  during  process  of  bonding  by 
heat,  it  was  carried  out  at  a  relatively  low 
temperaure,  and  to  meet  the  condition,  a  special 
PVC  was  developed,  which  can  undergo  bonding  by 
heat  at  a  -elatvely  low  temperature.  Using  it,  a 
small  coaxial  multi  -  fiat  cable  was 
manufactured,  which  showed  favorable  assembling 
and  high  accuracy  of  its  pitch  length. 


3.4  Properties  of  Small  Coaxial  Multi 
Cable 


Properties  of  a  typical  small  coaxial  multi  - 
flat  cable  are  shown  in  Table  4.  It  possesses 
1.27mm  pitch  between  signal  lines  and  a  signal 
transmission  velocity  of  87Z  of  light  velocity. 


Table  4  Typical  Properties  of  Miniature 
Multi  Flat  Cable 


Md-cr.,,; 

Center  Conducter  . 

Silver  Co.it'-c.  ^~^'.cer.  Frrr  1'lp;.!,..: 

j  _  Mstfca; 

Irrac.;ste.i  Pi'ly-rltr.r,  i 

Mailer;;;: 

irradia'cd  Pi  r 

1 

1  ’  Th-.cknrss 

a05== 

z 

Materui 

Sliver  Crialeti  l>(ieTi  fr-.  Co?;*/.- 

'  Su'e 

! 

Shield  Tape  M.itenal 

Al-PET  I.am.in.itc  T-pe  ! 

.Marenal 

PVC  ■ 

S:2tf 

I-TXl 

Pitch  between  Condjc:"': 

Average  Pitch  bet'vee.*  Conductor 

I2:3i=  1 

Conductor  Re5i5t.ir.cc  Center  Conductor 

StV’ ,  ■■  ..r 

Conductor  Res:5t.ince  o;  Dr.i.n  ^\';re 

SIS/:.  A? 

- 

Insulation  Resistance 

Charact.ifistics  Impedance 

Propagation  IVlay 

3  BOns  r.  i 

4.  Conclusion 

New  polyolefin  material  was  developed  for 
small  coaxial  multi  -  flat  cable.  In  its 
development,  the  following  subjects  were  found 
out. 

1)  At  thin  thickness  type,  melt  tension  and 
ultimate  draw  rate  have  of  more  importance  than 
swell  ratio.  On  the  conditions  of  3~4  gr  melt 
tension  and  50~200  m/min  ultimate  draw  rate,  the 
material  shows  high  expansion  even  at  thin 
thickness . 


Fig.  10  Cross  Section  of  Two  Layers  Insulation 

3 . 3  Jacket  and  Bonding  by  Heat 

In  order  to  get  precise  pitches,  bonding  by 
heat  is  preferable.  To  hold  characteristics' 


2)  A  small  coaxial  multi  -  flat  cable  of  a 
double  layers  insulation  core,  to  which  the 
material  was  applied,  possesses  signal 
transmission  velocity  of  87Z  of  light  velocity 
and  excellent  accuracy  of  its  pitch. 
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3)  Dielectric  constant  of  less  than  1.2  could  be 
obtained  by  one  layer  insulation  cable,  in  which 
the  material  was  used,  and  the  material  has 
possibility  toward  time  delay  of  3.6ns/m,  which 
is  desired  for  mainframes  in  the  next  generation. 
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METHODS  OF  DETERMINING  THERMAL  STABILITY  OF  POLYOLEFIN  INSULATIONS 


E.  D.  Nelson 


AT&T  Bell  Labora«''ries,  Norcross,  GA  30071 


Abstract 

Thermal  stability  of  polyolefin  (DEPIC)  insulation  is 
determined  using  pedestal  tests.  Pedestal  tests  are 
used  to  physically  measure  cracking  intervals  of  wire 
insulation  at  90°C.  Time/temperature  profiles  are 
shown  for  several  pedestal  tests.  These  profiles 
emphasize  the  uniformity  and  accuracy  of  the 
temperature  control.  Results  of  pedestal  tests  on  two 
novel  DEPIC  wire  insulations  are  shown.  Both 
insulations  easily  pass  the  260  day/90°C  requirement 
in  Bellcore’s  pedestal  test  (TA-TSY-000421).  One  of 
these  insulations  is  shown  to  survive  more  than  1 
year  at  90°C. 


INTRODUCTION 

Polyolefin  insulated  conductors  (PIC)  have  been  used 
in  the  wire  and  cable  industry  for  more  than  40  years. 
Without  adequate  antioxidants,  the  wire  insulations 
were  susceptible  to  premature  oxidation.^*'  As  a 
result,  much  work  was  done  on  improving  the 
oxidative  stability  of  polyethylene  for  PIC 
insulation. Early  versions  of  PIC  cable 
used  low  density  polyethylene  (LDPE)  as  the  wire 
insulation.  This  wire  insulation  evolved  into  high 
density  polyethylene  (HOPE).  In  addition,  the 
stabilizer  package  used  in  wire  insulations  also 
evolved  over  time.  Santonox®  antioxidant  was  first 
used  in  LDPE.  Then  Irganox  1010  antioxidant  and 
OABH  (copper  deactivator)  were  used  in  place  of 
Santonox®.  The  same  stabilizer  package  was  used  in 
HDPE.  Finally,  the  current  antioxidant  package 
being  used  since  the  mid  1970’s  consists  of  Irganox 
1010  together  with  a  metal  deactivator.^^'  The 
principal  metal  deactivator  used  was  Irganox  1024. 

A  recent  report^^^  predicts  cracking  patterns  of 
foamed  skin  polyethylene  insulation  in  pedestals  in 
various  areas  of  the  country.  This  report  used 
oxidation  induction  time  (OIT)  as  a  qualitative 
measure  of  the  amount  of  remaining  stability  in  wire 
insulation  that  was  retrieved  from  field  environments. 
The  OIT  is  obtained  by  heating  the  sample  at  200°C 


under  oxygen.  Using  a  thermal  analyzer,  time  to 
degradation  is  observed  as  an  exothermic  reaction  in 
the  calorimeter  plot. 

It  is  widely  believed  that  the  single  most  important 
variable  that  affects  insulation  oxidation  is 
temperature.  Other  factors  such  as  stress,  humidity, 
ultraviolet  radiation,  etc.  are  considered  secondary 
contributors  to  PIC  cracking.  Interaction  with 
blowing  agents  can  also  be  important  and  some  data 
have  been  obtained. Also,  contact  of  insulation 
with  cable  filler  is  known  to  affect  stability. 

Chan  et  al^^'  suggest  that  the  failures  in  foam  skin 
insulation  is  related  to  the  susceptibility  of  the  foam 
layer  to  oxidation  by  the  copper  conductor.  The 
currently  accepted  test  method  for  evaluating 
longevity  of  polyethylene  wire  insulation  is  the 
Bellcore  pedestal  test.'"'  This  test  is  a  variation  on 
the  pedestal  test  used  by  AT&T  in  the  development 
of  HDPE  insulation.'*^'  The  Bellcore  pedestal  test 
requires  that  cable  should  be  preaged  in  an  oven  for 
28  days/70°C,  the  insulation  coiled  and  then  the 
insulation  is  placed  in  a  PC/6  telephone  pedestal  for 
thermal  aging  at  90°C  and  llO^C.  Time  for  first 
crack  to  occur  is  measured.  It  was  suggested"^'  that 
350  days  at  90°C  in  the  pedestal  test  without  cracking 
occurring  is  equivalent  to  40  years  under  field 
conditions.  This  has  since  been  adjusted  by  Bellcore 
to  260  days  at90°C.''‘’' 

The  pedestal  test  was  used  to  evaluate  multiple  wire 
insulation  formulations.  This  includes  improvements 
in  both  wire  insulation  and  filling  compound.  The 
evaluation  was  done  at  temperatures  ranging  from  50 
to  110°C  in  10°C  increments.  Arrhenius  plots  were 
made  with  the  test  results. 

EXPERIMENTAL 

The  samples  tested  were  DEPIC  (Dual  Expanded 
Plastic  Insulated  Conductor)  wire  insulation  obtained 
from  filled  cable.  Two  DEPIC  insulations  are  labeled 
A.  and  B.  Each  insulation  contained  a  different 
stabilizer  package.  The  cables  containing  the 
insulation  were  preaged  for  28  days/70°C  in  a  forced 
air  oven. 
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Bellcore  Pedestal  Test 


Bellcore  has  issued  a  technical  document  (TR-TSY- 
000421)  which  includes  a  section  called  "Pedestal 
Thermal  Oxidation  Stability  Performance  Test".  An 
early  version  of  TR-TSY-000421  is  issue  2,  June 
1988.  In  this  issue,  there  was  no  28  day/70°C  preage 
requirement  for  the  pedestal  test.  Also,  the  insulated 
conductors  were  not  required  to  be  stressed  (coiled). 
TR-TSY-000421  was  later  revised  (Issue  2,  June 
1988,  Revision  1,  March  1989)  to  include  preaging 
and  insulation  coiling.  To  pass  the  pedestal  test, 
insulated  wire  must  be  aged  in  the  pedestal  for  1  year 
at  90°C  and  45  days  at  110°C  without  any  cracking 
occurring.  TR-TSY-000421  is  still  evolving. 
Technical  Advisory  TA-NWT-000421,  Issue  2, 
November  1990,  Supplement  1,  April  1991  has  been 
issued.  This  Advisory  requires  the  insulation  wire  to 
be  aged  for  260  days  (instead  of  one  year)  at  90°C. 
No  more  than  one  cracked  insulation  is  permitted. 
Also,  the  110°C/45  day  requirement  has  been 
eliminated.  Standard  PC/6  telephone  pedestals  are 
used.  Face  plates,  liners  and  brackets  are  removed 
from  the  interior  of  the  pedestals.  A  heating  mantle 
is  placed  over  the  pedestal  to  bring  the  interior  of  the 
pedestal  to  the  desired  temperature.  The  mantles  are 
obtained  from  Glas-Col  Apparatus  Co.,  Terre  Haute, 
Indiana.  Each  mantle  is  12  inches  long  and  rated  at 
260  watts.  The  temperature  control  system  must  be 
capable  of  maintaining  the  temperature  of  all  the 
insulated  conductor  coils  inside  the  pedestal  within 
±2‘’C  of  the  specified  test  temperature. 

The  temperature  control  system  used  by  AT&T  Bell 
Labs  -  Norcross  is  different  from  that  proposed  by 
Bellcore.  Bellcore  uses  two  temperature  sensors 
(probes).  One  is  in  the  middle  to  monitor 
temperature  and  one  is  on  the  side  of  the  pedestal  to 
control  the  temperature.  The  temperature  controller 
used  at  AT&T  Bell  Labs  is  a  Barber-Colman  AT- 
PLUS.  Our  pedestal  apparatus  uses  a  single  probe  to 
both  monitor  and  control  temperature.  A  schematic 
of  the  pedestal  set-up  (without  heating  mantle)  is 
shown  in  Figure  1.  Included  in  the  schematic  is  the 
solitary  temperature  probe  and  the  general  location  of 
wires.  The  pedestal  test  calls  for  placing  50  wires  (5 
of  each  color)  in  the  pedestal.  Time  for  first  cracks  to 
occur  was  measured. 


FtGURE  1 

PEDESTAL  TEMPERATURE  PROFILE 

A  thorough  temperature  profile  was  obtained  on  the 
inside  of  a  PC/6  telephone  pedestal  in  the  Bellcore 
pedestal  test  at  control  temperatures  ranging  from  50° 
to  110°C.  This  profile  is  performed  in  three 
dimensions  and  shows  the  temperature  variations  at 
different  locations  in  the  pedestal.  Figure  2  shows  a 
typical  PC-6  pedestal  with  25  thermocouples  placed 
at  various  locations.  Figure  3  shows  a  schematic  (top 
view)  of  where  the  25  thermocouples  are  located  in 
the  pedestal.  Each  thermocouple  is  attached  to  a  1/8" 
diameter  wooden  rod  held  in  place  with  a  I"  long 
steel  spring.  The  thermocouples  are  spaced  1"  apart 
permitting  temperature  measurements  every  inch  over 
a  4"  X  4"  plane.  When  temperatures  above  or  below 
this  plane  were  desired,  the  thermocouples  were 
simply  raised  or  lowered  accordingly  such  that 
temperatures  were  obtained  through  a  4"  x  4"  x  4" 
volume.  The  temperature  measurements  were  made 
using  an  AT&T  6300  personal  computer  interfaced 
•vith  a  Metabyte  DAS-8  and  EXP- 16  I/O  cards. 
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PC-6  PEDESTAL  WITH  25  THERMOCOUPLES 
FIGURE  2 


SCHEMATIC  OF  THERMOCOUPLE  LOCATIONS 
ACROSS  A  PLANE  W  THE  PEDESTAL  (TOP  VIEW 

FIGURE  3 


RESULTS  AND  DISCUSSION 

Pedestal  Temperature  Profile 

Figures  4-10,  show  isometric  views  of  the 
temperature  profiles  in  pedestals  at  temperatures 
ranging  from  50  to  110°C.  respectively.  The  center 
point  in  the  figure  is  the  tip  of  the  monitor  and  control 
probe.  This  is  the  recommended  location  for 
insulated  wires  in  the  Bellcore  pedestal  test.  The 
temperatures  in  each  horizontal  plane  above  and 
below  the  center  are  also  shown.  For  clarity,  only  9 
of  the  25  temperature  measurements  made  in  each 
plane  are  represented  in  the  figures.  The  temperature 
probes  at  90°C  and  110°C  (Figure  8  and  Figure  10) 
show  a  7°C  and  9°C  increase  in  temperature, 
respectively  one  inch  above  the  recommended  center. 
One  inch  below  the  center  is  a  2°C  and  4°C 
temperature  decrease,  respectively.  When  wires  are 
tested,  the  thickness  of  the  bundle  is  -  0.5  inch.  This 
assures  that  the  coils  are  within  the  ±  2°  C 
temperature  zone  specified  by  Bellcore. 
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FIGURE  8 


FIGURE  9 


FIGURE  10 

figures  11  and  12  show  the  excellent  temperature 
control  achieved.  These  figures  are  time/temperature 
plots  obtained  every  hour  for  both  the  1 10°C/45  days 
(Figure  11)  and  90°C/one  year  test  (Figure  12).  The 
temperature  was  measured  at  the  top  of  the  wire 
bundle.  The  profiles  are  within  the  ±  2°C  Bellcore 
requirement  for  this  test.  The  spikes  in  Figure  12  are 
inspection  intervals.  When  the  pedestal  is  opened, 
temperature  control  is  temporarily  halted  until  the  test 
is  restarted. 
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PEDESTAL  #6  1  (DEPIC  CABLE) 
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HGURE  12  -  TEMPERATURE  CONTROL 


NEW  DEPIC  INSULATION 

Table  I  and  Figures  13-14  show  Arrhenius  plots  from 
pedestal  tests  of  insulation  of  new  DEPIC  cable 
designs.  These  test  results  are  compared  to  the 
industry  standard  as  of  1988.  Again,  test 
temperatures  were  50-1 10°C.  As  seen  in  the  Table 
and  Figures,  both  of  the  improved  designs  are  greatly 
superior  to  the  industry  standard.  One  design  has 
achieved  more  than  1  year  at  90°C.  Both  the  designs 
exceed  260  days  (the  new  Bellcore  requirement)  at 
90°C.  The  reason  that  the  1988  insulation  performed 
so  poorly  is  because  this  insulation  was  designed  to 
meet  the  June,  1988  Bellcore  Technical  Reference 
TSY-000421  which  did  not  contain  preaging  or 
coiling. 


TABLE I 

PERFORMANCE  OF  NEW  DEPIC  WIRE  INSULATION  IN  EPIC  TF> T 


Time  to  First  Crack  (Days) 
1988 


TemDeraturc.°C 

A* 

Cable 

110 

126-137 

115-123 

0-20 

too 

339-360 

370-391 

28-45 

90 

318-338 

391-451 

89-101 

80 

>581 

>490 

105-117 

70 

>560 

>490 

299-329 

60 

>560 

>490 

633-752 

50 

>560 

>490 

>752 

•  AT&T  Current  Product 
•*  AT&T  Experimental  Design 

temperature  (C) 
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CONCLUSIONS 

The  currently  accepted  test  method  for  evaluating 
longevity  of  polyethylene  wire  insulation  is  the 
Bellcore  pedestal  test.  A  thorough  temperature 
profile  of  the  interior  of  a  PC/6  telephone  pedestal 
conforming  to  the  temperature  requirements  of  the 
Bellcore  test  is  completed.  This  temperature  profile 
is  obtained  through  the  control  temperature  range  of 
50-1 10°C.  At  the  critical  temperature  of  90°C,  it  was 
found  that  a  one  inch  deviation  in  placement  of  the 
wire  samples  above  the  recommended  position 
represents  a  7°C  increase  in  temperature  (from  90  to 
97°C).  One  inch  below  the  recommended  level,  the 
temperature  drops  to  88°C. 

Evaluation  of  two  improved  DEPIC  cable  designs  in 
the  pedestal  test  shows  both  designs  are  Ear  superior 
to  the  1988  industry  standard.  Both  designs  easily 
pass  the  260  day/90°C  requirement  in  Bellcores 
pedestal  test  (TA-TSY-0(X)421).  One  of  these 
designs  (Cable  B)  even  surpasses  one  year  at  90°C  in 
the  pedestal  test. 
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FOR  SUBSCRIBER  NETWORKS 
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Abstract 

A  nonblocking  optomechanical  matrix  switch  has 
been  developed,  that  can  be  arbitrarily  switched 
between  two  ferrule-terminated-fiber  groups  by 
automatic  reconnection  and  disconnection.  The 
fabricated  100  X  100,  3-mm-ferrule-pitch,  630*  X  570”  X 
550"  (mm)  switch  exhibits  a  mean  insertion  loss  of 
about  1  dB(1.3-pm  wavelength  LED).  The  developed 
switch  is  applied  to  a  subscriber  model  switching 
system  and  its  effectiveness  is  confirmed. 


1.  Introduction 

Optical  switching  plays  an  important  role  in  terms 
of  maintenance  reduction  and  long-term  system 
reliability  in  optical  communication  systems. 
Optomechanical  switches  offer  advantages  for 
practical  use  in  the  near  future  because  of  their 
excellent  optical  performance.  In  subscriber 
transmission  lines,  nonblocking  switches  are  required 
that  have  a  large  matrix  in  a  small  size.  They  also 
need  to  be  latching  type  switches  without  holding 
electric  power,  economical  and  highly  reliable. 

One  type  of  large  matrix  optomechanical  switch 
that  has  been  developed  is  the  moving  beam 
nonblocking  100X100  switch.'  However,  the  use  of 
this  switch  is  restricted  to  multimode  fibers  because  of 
its  poor  misalignment  tolerance.  The  matrix  size  of 
non-mechanical  switches’  is  small,  for  example  8X8. 
Both  types  of  switch  need  holding  electric  power  for 
latching. 

With  moving  fiber  matrix  switches,  it  is  essential  to 
align  each  fiber  individually  to  prevent  fibers  from 
crossing  each  other.  Methods  have  been  proposed  to 
eliminate  the  need  for  fiber  alignment.  However, 
conventional  methods’  ^  have  a  large  splitting  loss  at 
the  optical  power  input  side. 


When  constructing  a  large  matrix  NxN  crossbar 
interconnection  network  using  small  matrix  switches, 
the  required  number  of  small  switches  is 
approximately  proportional  to  N’,  and  the  maximum 
insertion  loss  increases  approximately  in  proportion  to 
N.  Furthermore,  when  small  switches  are  joined 
under  the  restriction  of  the  upper  limit  of  the  fiber 
bending  radius,  there  are  problems  of  the  increase  in 
switch  dimensions  and  the  sum  of  jointing  losses. 

This  paper  describes  a  large  matrix,  latching  type, 
nonblocking  optomechanical  switch  which  we  have 
developed  and  an  example  of  its  application  to  a 
remote  controlled,  subscriber  model  switching  system. 

2.  Structure  and  switching  mechanism 

Figure  1  shows  the  proposed  nonblocking  matrix 
switch  construction  method.  The  ferrules  on  one  side 
can  move  in  the  matrix  row  direction  and  those  on  the 
other  side  in  the  column  direction.  Using  this  method, 
each  ferrule  can  be  independently  and  arbitrarily 
positioned  along  every  row  or  column.  As  a  result, 
facing  ferrules  can  be  arbitrarily  joined  between  two 
ferrule-terminated-fiber  groups. 

Figure  2  is  a  simple  representation  of  the  fabricated 
switch,  which  is  based  on  the  switch  construction 
method  shown  in  Fig.  1.  Slitted  alignment  sleeves  are 
fixed  on  the  ferrules  of  either  fiber  group  with 
adhesive.  One  ferrule  is  attached  to  a  slider  and  the 
other  to  a  linear  guide  supported  by  a  slider  with 
compression  springs  between  the  ferrule  and  the  slider 
or  the  guide.  The  ferrules  on  both  sides  move  along 
rails  set  at  right  angles  to  each  other. 

As  shown  in  Fig.2,  the  ferrule-group  with  sleeves 
and  linear-guides  is  referred  to  as  the  Z-side  group  and 
the  other  group  is  the  W-side  group. 

A  fiber-accumulator  maintains  tension  in  the  fiber 
spanned  between  the  slider  and  the  accumulator.  The 
fiber  is  wound  a  few  times  around  two  pulleys.  Both 
axes  of  the  pulleys  are  supported  by  a  tension  spring 
so  that  their  axes  are  kept  apart.  The  distance 
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between  their  axes  can  be  changed  dependent  on  the 
length  of  fiber  drawn  out  from  the  accumulator.  This 
enables  each  fiber  to  be  aligned  along  the  rails.  The 
ferrule  positioning  mechanism  can  move  freely.  The 
fiber  bending  radius  and  the  fiber  tension,  which  are 
related  to  fiber  life  and  the  bending  loss,  are  all  kept 
within  their  designed  values. 

The  switching  motion  is  as  follows.  Ferrule 
positioning  is  accomplished  by  3-D  positioning 
mechanisms  on  both  sides  of  the  switch,  that  position 
the  operation  rod  attached  to  the  linear  guide  or  the 
slider.  One  ferrule  is  connected  to  a  facing  ferrule 
with  the  slitted  alignment  sleeve  and  then  a  hook  on 
the  operation  rod  attached  to  the  linear  guide  is 
positioned  against  the  rail  by  rotating  it.  This  then 
applies  a  ferrule-end  load  by  the  action  of  the 
compression  spring.  At  the  same  time,  the  reaction 
force  in  the  ferrule-axial  direction  causes  friction 
between  the  slider  and  the  rail,  so  that  the  slider 
position  is  fixed. 

The  accumulator,  drawn  with  broken  lines  in  Fig. 2, 
is  described  in  3-1(4)  and  the  laser  beam  sensor  to 
detect  the  sleeve  is  described  in  3-2. 


source 

Z-side  ‘0=’  ‘=i>  W-side 


Fig.  2  Switch  structure 


Fiber 

Fig.  1  Nonblocking  matrix  switch  construction  method 
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Fig.  3  Photograph  of  developed  switch 
Table  1  Switch  performance 


Matrix  size  100  X  100  (designed) 

Dimensions  630"  X  570“  X  550"  mm 

Switching  time  <1.3  min.  (estimated) 
Mean  insertion  loss  ~  1  dB 
Driving  power _ <  140  watt _ 


Table  2  Parameters  of  fiber,  ferrule  and  sleeve 


Fiber  10/125  pm,  single-mode 

mode  field  diameter;  9.4  pm 
Ferrule  zirconia  ceramic,  2.0  6  (od)x  7.5''mm 
Sleeve  zirconia  ceramic,  2.7  btodix  10.4''mm 


3.  Developed  switch 

3-1  Switch  features 

Figure  3  shows  a  photograph  of  the  developed 
switch.  The  practical  fabricated  switch  has  a  small  20 
X20  matrix  in  the  center  of  a  100'- 100  matri';  T:  ’ 

1  summarizes  the  switch  performance  Table  2  lists 
the  parameters  of  the  fibers,  terrules,  and  slitted 
alignment  sleeves.  The  features  of  the  switch  are  as 
follows. 

(1)  The  switch  consists  of  a  ferrule  reconnection- 
disconnection  mechanism  and  its  controller  (425"  X 
410"  X245"  mm)  equipped  with  an  RS-232C  interface. 

(2)  The  pitch  between  ferrules  is  3  mm.  This  pitch 
dimension  is  close  to  the  mechanical  fabrication  limit 
of  the  slider  parts. 

(3)  The  switch  dimension  in  the  ferrule-axial 
direction  becomes  smaller  with  decreases  in  fiber 
bending  radius.  High-strength  carbon-coated  optical 
fiber  ’  was  used  in  order  to  minimize  the  fiber  bending 
radius.  The  minimum  radius  was  determined  to  be  10 
mm,  taking  into  consideration  of  the  bending  loss 
increase  due  to  deviations  in  the  fiber  index  profile  of 


commercially  available  fiber. 

(4)  The  thickness  of  accumulator  was  greater  tlian 
the  3mm-pitch  between  the  ferrules.  For  this  reason, 
the  accumulators  are  constructed  with  two  stage  as 
shown  in  Fig. 2.  The  minimum  fiber  tension  is 
designed  to  be  0.3  N.  The  fiber  tension  was 
maintained  at  the  maximum  slider  speed  of  32.5 
mm/sec. 

(5)  The  master  driver  (3-D  positioning  mechani.-mj 
and  the  slave  mechanism  (ferrule  reconnection- 
disconnection  mechanism)  were  designed  to  be  able  to 
be  separated  from  each  other.  This  enables  the 
master  driver  to  be  applied  to  many  slave  mechanisms. 

3-2  Positioning  compensation  by  laser  beam  sensor 

The  final  relative  position  between  a  ferrule-tip  and 
a  sleeve-tip  is  important  when  ferrules  are  joined.  For 
the  Z-side  sliders  with  linear  guides,  in  particular,  the 
position  of  the  sleeve-tip  fluctuates  in  the  slider 
moving  direction  because  of  the  clearances  of  the 
movable  mechanical  parts.  Furthermore,  the 
allowable  positioning  error  in  the  slider  moving 
direction  is  estimated  to  be  within  0.2  mm  of  the 
mechanical  clearance  and  corner-plane-off  of  the 
ferrule-ends.  For  this  reason,  (he  Z-side  sliders  in  the 
slider  moving  direction  were  positioned  using  a  laser 
beam  sensor,  attached  to  the  W-side  3-D  positioning 
mechanism,  in  addition  to  the  encoder  coupled  to  the 
motor-rotating-axis.  In  other  words,  the  final  position 
of  Z-side  sliders  was  compensated  for  by  detecting  Z- 
side  sleeve-tips  on  the  basis  of  the  position  of  W-side 
ferrules  to  be  joined.  Figtire  2  illustrates  this. 

The  fluctuation  magnitude  of  stationary  positions 
on  the  linear  guides  of  the  Z-side  sliders  was  measured 
with  a  digital  micro-gauge.  The  desired  moving 
distance  was  set  at  250  mm  for  the  Z-side  sliders  and 
at  200  mm  for  the  W-side  sliders.  Figure  4-1  shows 
the  results  of  measurements  made  without  the  laser 
beam  sensor  and  Figure  4-2  shows  those  made  with  it. 
In  Fig.4-1,  the  fluctuation  diff-rence  between  the 
sliders  is  considered  to  be  d  pendent  on  the  clearance 
of  each  slider  and  guide.  When  standard  deviations  o 
and  maximum  fluctuations  A  in  Fig.4-1  are  compared 
with  those  in  Fig. 4-2,  it  can  be  seen  that  the  laser 
beam  sensor  reduces  fluctuations  in  the  slider  moving 
direction.  The  sensor  contributes  to  stable  ferrule 
jointing. 

Additionally,  the  fluctuation  in  the  stationary 
positions  of  the  W-side  sliders  was  also  measured  with 
the  digital  micro-gauge.  Figure  4-3  shows  the 
measured  results.  The  laser  beam  sensor  is  not 
adopted  for  W-side  positioning.  In  Fig. 4-3,  it  can  be 
seen  that  the  fluctuation  of  the  W-side  sliders  is  much 
smaller  than  that  of  the  Z-side  sliders.  This  is  because 
the  influence  of  mechanical  clearance  is  small. 
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Fig.  5  Loss  measurement  setup 


Loss  for  2  joints  (dB) 


Fig.  6  Loss  histogram 


Fig.  4-2  Fluctuations  of  Z-slider  with  sensor 

3-3  Loss  measurement 

Figure  5  shows  the  insertion  loss  measurement 
setup.  A  1.3  |im  wavelength  LED  was  used.  The 
measured  loss  is  the  sum  of  the  loss  at  the  connector^ 
on  the  switch  input-side  and  the  loss  at  the  ferrule- 


joint  in  the  switch.  Index-matching  material  was  not 
used  at  the  joint  portions.  Figure  6  shows  the 
measured  loss  histogram  for  the  two  above  mentioned 
joints.  The  mean  loss  was  0.69  dB/2  joints.  The  mean 
switch  insertion  loss  was  approximately  1  dB 
assuming  a  loss  of  0.35  dB/joint.  Each  fiber  had  a 
bending  loss  for  a  3/4  turn  of  the  radius  of  10  mm,  but 
the  influence  of  this  loss  on  the  switch  insertion  loss  is 
considered  to  be  small. 
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Tables  Measurement  examples  of  switching  time 


Switching  condition 

Switching  time 

Zl&Wl:  start  position  on  rail 

Z1  to  'Wl:  iointed 

-  31  sec 

Z20&W20:  start  position  on  rail 
Z20  to  W20:  iointed 

-  32  sec 

Z1  to  W1&  Z20  to  W20:  jointed 
Z1  to  W20:  iointed 

-  72  sec 

3-4  Switching  time 

Table  3  summarizes  the  switching  time 
measurements  under  several  switching  conditions. 
The  switching  time  was  always  measured  after  the 
operation  rod  hand  had  returned  to  its  home  position 
because  the  switching  time  depends  on  the  initial 
position  of  the  hand.  The  maximum  switching  time  for 
the  100X100  matrix  was  about  1.3  min.  This  was 
estimated  from  the  slider  moving  speed.  The 
switching  time  includes  approximately  5  sec.  due  to 
the  positioning  compensation  of  the  Z-side  sliders  via 
laser  beam  detection. 


RS-232C 

multiplexer 


^  RS-232C  optical  modem 
^  Fiber  optic  video  link 
□  Switch  controller 


Fig.  7  Subscriber  model  switching  system 


4.  Subscriber  model  switching  system 

Figure  7  shows  a  remote  controlled,  subscriber 
model  switching  system.  The  remote  switches  in 
subscriber  transmission  lines  are  operated  from  the 
workstation  (WS)  when  service  order  or  fiber  trouble 
occurs.  The  developed  matrix  switch  was  used  as  the 
MDF  (main  distribution  frame)  and  2X2  mechanical 
switches  were  used  as  remote  nodes.  The  switching 
command  signal  was  transferred  to  the  remote 
switches  with  an  RS-232C  multiplexer  and  a  pair  of 
RS-232C  optical  modems.  The  TV  video  signal  was 
transferred  to  the  user  TV  by  means  of  a  fiber  optic 


video  link. 

When  fiber  trouble  occurred,  protection  switching 
was  achieved  from  the  workstation.  The  switching 
result  was  easily  confirmed  by  observing  the  TV 
picture.  The  remote  control  switching  function 
contributes  to  service  improvement,  ease  of  system 
operation  and  maintenance  reduction. 

5.  Conclusion 

A  nonblocking  optomechanical  matrix  switch  has 
been  developed.  A  100  X  100-matrix-size  and  3-mm- 
ferrule-pitch  was  confirmed  to  be  mechanically 
available.  It  is  a  latching  type  switch  without  holding 
electric  power.  The  transmission  characteristics  and 
reliability  of  the  joint  components  are  as  good  as 
conventional  optical  connectors  because  both  employ 
the  same  jointing  method. 

The  developed  switch  was  applied  to  a  subscriber 
model  switching  system  and  its  effectiveness  was 
successfully  confirmed. 
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A  LOW  LOSS  FOUR-FIBER  1X2  OPTICAL  SWITCH 


Y.  Nomura  K.  J i mbo  H.  Yokosuka 
Fujikura  Ltd.  Chiba,  Japan 


ABSmCT 

We  developed  a  high  performance  1x2 
optical  switching  device  capable  of 
mechanically  switching  four-fiber  ribbon. 
The  newly  developed  optical  fiber 
switching  device  is  applicable  to  1.  55  pm 
zero-dispersion  shifted  fibers.  It 
features  an  extremely  low  insertion  loss 
with  a  remarkably  high  switching  speed 
considering  that  it  is  a  mechanical 
switch.  It  has  been  tested  in  strict 
conditions  simulating  severe  enviromental 
environment  and  in  all  the  tests  its 
performance  was  found  to  be  highly 
repeatable. 

The  reliable  and  high  performance  of 
the  optical  switching  device  makes  it 
suitable  for  use  in  optical  networks. 

INTRODUCTION 

Optical  fiber  networks  are  expanding 
rapidly  on  the  global  scale.  In  order  to 
construct  and  operate  the  optical  fiber 
networks  efficiently,  a  switching 
mechanism  capable  of  switching  from  one 
network  to  another  at  branching  or 
connection  points  is  essential.  As  the 
number  of  optical  fibers  in  optical  fiber 
cables  increases,  use  of  multi-fiber 
ribbons  is  becoming  increasingly 
extensive  for  their  high  efficiency  in 
integration.  Moreover,  as  the 
transmission  distance  becomes  longer,  the 
trend  sees  accelerated  use  of  cables  with 
multi-fiber  ribbons  using  1.  55  pm  zero- 
dispersion  shifted  fibers  which  are 
suitable  for  long  distance  transmission. 
Earlier  work[l]  has  reported  the  basic 
structure  of  multi-fiber  mechanical 
swi tches. 


We  have  developed  an  optical  fiber 
switching  device  capable  of  high  speed 
operation  with  low  loss  for  multi-fiber 
ribbon  comprising  1.  55 >jm  zero-dispersion 
shifted  fibers. 

The  newly  developed  optical  fiber 
switching  device  has  the  following 
character i st i cs. 

Multi-fiber  switching: 

The  device  is  capable  of 
simultaneously  switching  four-fiber 
ribbon. 

Low  loss: 

The  device  has  an  insertion  loss  of 
0.  4dB  or  lower  on  the  average,  which 
is  extremely  low  for  a  switching 
device  for  multi-fiber  ribbon  using 
1.  55^m  zero-dispersion  shifted 
fibers. 

High  sp)eed  switching: 

The  device  has  a  switching  time  of  2 
ms  or  less  which  is  extremely  fast 
for  a  mechanical  switching  device. 
High  reliability: 

The  device  has  a  highly  stable 
switching  performance  with  loss 
fluctuation  of  +0.  2  dB  or  less  in 
switching  tests  repeated  10.  000 
times. 


Z  STRUCTURE 

2-1.  Switching  Principle 

As  shown  in  Fig.  1,  a  ferrule 
containing  four  optical  fiber  is  mated 
against  a  ferrule  containing  eight 
optical  fibers,  and  one  of  the  ferrules  is 
shifted  to  switch  the  fiber  connections. 
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2-2.  Structure  of  the  Ferrules 


Positioning  of  the  movable  ferrule 
plays  a  critical  role  in  the  present 
switching  device.  As  shown  in  Fig.  2. 
positioning  is  achieved  as  the  alignment 
pins  built  in  the  device  move  in  the 
enlarged  V-grooves  until  they  hit  against 
the  respective  side  walls  of  the  grooves. 

A  pair  of  ferrules  to  be  mated  against 
each  other  are  assembled,  and  one  of  the 
ferrules  is  formed  with  alignment  pins. 
The  movable  ferrule  is  formed  with  V- 
grooves  which  are  wider  to  allow  it  to 
move  by  250 jum  (fiber  pitch). 

Thus;  the  fiber  pitch  and  the  V-grooves 
must  be  processed  with  a  high  precision. 
The  fiber  pitch  precision  in  the 
switching  device  is  within  +0.  5 >jm.  The 
precision  of  the  V-grooves  is  also  within 
+0.  5  yUm.  These  precisions  enabled  the  low 
connection  loss  to  be  achieved. 


2-3.  Structure  of  the  Driving  Unit 

The  driving  unit  for  shifting  the 
ferrule  comprises  a  bistable  type 
solenoid  as  shown  in  Fig.  3.  The 
ferrule  to  be  shifted  is  switched  by 
means  of  push  pins  linked  to  the 
solenoid. 

Coil  springs  are  arranged  in  parallel 
at  the  back  of  the  movable  ferrule  to 
press  the  ferrules  against  each  other  at 
a  given  pressure,  keeping  the  faces  at 
the  respective  ends  of  the  ferrules  in 
contact  even  when  one  of  the  ferrules  is 
shifted.  This  in  turn  allows  the  optical 
waveform  to  be  less  fluctuating,  and 
ensures  stable  operation. 

The  solenoid  is  a  latching  type 
(bistable  type)  and  is  capable  of 
maintaining  the  ferrule  at  either 
position  without  consuming  electric- 
power.  The  device  therefore  consumes  only 
minimal  power  during  operation. 


Fig-3 
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3^  OPTICAL  CHARACHERISTICS 


3-1.  Insertion  Loss 

Insertion  loss  of  the  new  switching 
devices  were  measured  using  a  1. 55  jum 
light  source. 

As  shown  in  Fig.  4,  a  very  low 
connection  loss  of  0.  35  dB  on  the  average 
was  obtained  in  the  2,  000  fibers  (500 
devices)  that  were  tested.  There  is  no 
significant  difference  in  the  average 
insertion  loss  between  the  two  switching 
position,  demonstrating  a  highly  stable 
performance. 
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3-2.  Switching  Time 

Switching  characteristics  of  the 
devices  were  measured  with  a  digital 
oscilloscope.  The  typical  waveforms 
obtained  in  the  measurement  are  shown  in 
Fig  .  5. 

T1  and  T2  in  Fig.  5  represent  the 

following: 

Tl:  The  duration  from  the  time  an 
optical  fiber  is  disconnected 

from  one  fiber  to  the  time  it  is 
reconnected  with  the  next  fiber. 

T2:  The  duration  from  the  time  the 
device  is  triggered  to  the  time 
the  fiber  is  reconnected 
(switching  operation  is 

ccmpleted). 

The  average  switching  time  (Tl)  of  500 
devices  was  1.  4  ms,  which  is  extremely 
high  for  a  mechanical  switching  device. 


The  average  time  required  from 
triggering  until  completion  of  switching 
(T2)  was  4.  5  ms  or  less,  which  is  also 
very  fast. 


Fig-5 


3-3.  Return  Loss 

Using  a  1.  55.>um  light  source,  refection 
at  the  mating  face  of  a  switching  device 
was  measured  with  a  power  meter  using  a 
coupling/branching  filter.  The  other  end 
of  the  switching  device  is  made  non- 
reflective  by  immersing  the  end  fiber  in 
refractive  index  matching  oil.  The  return 
loss  measured  was  more  than  -40  dB. 


4^  RELIABILITY  TESTS 

In  order  to  verify  the  reliability  of 
the  switching  device,  we  conducted  various 
evaluation  tests  and  confirmed  that  the 
switching  device  was  satisfactory  for 
practical  application. 

4-1.  Repeated  Switching  Test 


The  switching  devices  were  repeatedly 
operated  for  10,  000  times  to  measure  the 
fluctuation  in  the  insertion  loss.  A 
typical  result  is  shown  in  Fig.  6. 

As  is  clear  from  Fig.  6.  loss 
fluctuation  under  repeated  operation  was 
less  than  ±0.  1  dB,  indicating  an 
extremely  high  stability. 
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4-2.  Heat  Cycle  Test 


The  optical  switching  devices  were 
subjected  to  vibration  test.  The  test  was 
conducted  under  the  below-mentioned 
conditions. 

Vibration  frequency:  10  -  55  Hz 
Amplitude:  1.5mm 
Direction:  Three  directions 
Duration:  Two  hours  in  each  direction 

The  connection  characteristic 

(fluctuation  in  insertion  loss)  were 
measured.  The  fluctuation  in  insertion 
loss  at  the  normal  position  was  within 
0.  05  dB.  No  marked  difference  in  the 
switching  performance  (waveform  at  the 
time  of  switching  and  switching  time) 
observed  before  and  after  the  test. 


Heat  cycle  tests  were  conducted  to 
measure  the  changes  in  the  insertion  loss 
with  changes  in  temperature. 

Temperatures  ranging  from  -10°C  to  +60 
t)  for  four  hours  was  repeated  10  times, 
and  changes  in  the  loss  when  the 
switching  devices  were  under  static 
condition  were  measured.  As  is  clear  from 
Fig.  7,  the  fluctuation  in  the  loss  was 
less  than  ±0.  1  dB. 


4-4.  High  Temperature  Test 

High  temperature  tests  of  the  optical 
switching  devices  were  conducted  using  a 
constant  temperature  testing  apparatus  in 
the  laboratory.  The  switching  devices 
were  maintained  at  +60‘'C  for  four  hours, 
and  were  subjected  to  switching 
operations  repeated  for  100  times  to 
measure  the  connection  characteristic 
(fluctuation  in  the  insertion  loss)  and 
the  switching  performance  (waveform  at 
the  time  of  switching  and  switching 
time).  Insertion  loss  changes  at  the 
normal  position  were  within  0.  15  dB.  No 
fluctuation  was  observed  in  the  switching 
performance. 

4- 5.  Low  Temperature  Test 

Low  temperature  characteristics  of  the 
optical  switching  devices  were  measured 
using  a  constant  temperature  testing 
apparatus  in  tlie  laboratory.  The 
switching  devices  were  maintained  at  -10 
C  for  four  hours,  and  were  subjected  to 
switching  operations  repeated  100  times. 
The  connection  characteristic 
(fluctuation  in  the  insertion  loss)  and 
the  switching  performance  (waveform  at 
the  time  of  switching  and  switching  time) 
were  measured.  The  fluctuation  in  the 
insertion  loss  at  the  normal  position  was 
within  0.  15  dB.  No  fluctuation  was 
observed  in  the  switching  performance. 
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4-6.  Switching  Test  under  Heat  Cycle 


Yoshikazu  Nomura 


The  static  characteristics  of  the 
devices  during  heat  cycle  were  measured 
in  Section  4-2.  Dynamic  characteristics 
of  the  devices  under  heat  cycle  were  also 
measured  using  a  heat  cycle  test 

apparatus.  A  heat  cycle  test  at 
temperatures  ranging  from  O’C  to  +60 
for  foiT  hours  was  repeated  twice,  while 
the  devices  were  switched  100  times  to 
measure  the  switching  performance 
(waveform  at  the  time  of  switching  and 
switching  time).  The  fluctuation  in  the 
loss  in  the  normal  position  was  within 
+0.  15  dB.  No  difference  was  observed  in 
the  waveform  or  the  switching  time. 


5.  CONCLUSION 


The  newly  developed  optical  fiber 
switching  device  is  extremely  low  in  loss 
and  highly  efficient  in  switching 
performance  for  a  device  of  this  type 
using  1.55  yam  zero-dispersion  shifted 
fibers. 

The  results  of  the  reliability  tests 
demonstrate  that  the  device  is  adequate 
for  practical  applications  and  has  high 
reliability.  We  believe  the  device  can  be 
used  in  optical  fiber  network  to  achieve 
a  more  efficient  network  operation. 
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Abstract 

High-speed,  low-loss  connection 
techniques  are  indispensable  tor 
construction  of  optical  subscriber  cable 
networks  because  many  cable  connections 
are  required.  We  have  designed  two 
types  of  high- count  pre-conneclorizcd 
cables.  One  is  an  array  connector  rvpe 
to  join  ultra-high  count  (more  than  1000 
fibers)  cables  in  single  step.  The 
other  is  a  fiber-ribbon  unit  connector 
type  to  join  high-count  (less  than  1000 
fibers)  cables.  Connection  times  of  90 
min.  for  the  array  type  and  20  min.  for 
the  fiber  unit  type  are  achieved  for  both 
types  of  pre-connectoriz  ed  cables. 
Average  connection  losses  of  about  0.3'i 
dB  for  both  types  are  achieved. 

1 .  Introduction 

Recently,  ways  to  construct  optical 
subscriber  networks  have  been  discussed. 
In  Japan,  NTT  has  a  plan  to  construct 
optical  subscriber  cable  networks  to  be 
called  "F i bo r -t o- t ho -Homo "  (FTTH)  by  the 
year  201'>  (0FL’21)^'^.  Many  different 

methods  and  approaches  have  been  proposed 
in  order  to  realize  FTTH  networks.  For 
example,  "Fiher-to-thc-Curh"  (FTTC)  is 
proposed  as  a  first  step  in  the 
construction  of  FTTH,  and  active  or 
passive  double -star  configurations  are 
investigated  to  minimize  the  initial 
c  n  n  s  t  1  11  c  t  i  o  n  outlay.  However,  the 
infrastrut  1 11  re  of  the  optical  subscriber 
network  must  be  able  to  cope  promptly  and 
flexibly  with  diverse  and  t  h  a  n  g  a  b  1  r 
i  11 1  u  r  e  dem.ands  . 

f h e r e ( o r e ,  we  started  to  develop 
t  e  r  h  n  o  I  II  g  i  e  s  T  o  i  ti  n  s  t  r  u  <  r  a  .simple 
optical  subsi  l  iber  network  in  which  each 


tescemer  can  be  connected  to  a  central 
ottice  through  his  own  optical 
transmission  line.  The  network  formed 
bv  single-star  configuration  is  adaptable 
to  various  kinds  of  services  and  can 
llexibly  respond  to  future  service 
expansion.  In  construction  of  these 
nt'tworks,  very  high  count  optical  cables 
are  required,  and  it  is  important  to 
reduce  the  cable  installation  and 
splicing  cost.  Presently.  1000  fiber 
<abIos^‘\  mechanically  transferable  (MT) 
connectors^^'  and  techniques  for  their 
ronnection  are  being  used  in  subscriber 
networks  in  NTT.  Therefore,  higher 
.speed  and  lower  loss  connection 
techniques  are  required  to  increase  the 
flexibility  and  performance  of  the 
networks. 

In  this  paper,  we  describe  designs 
and  performance  for  pro-connect orized 
high-count  optical  cables  which  can  be 
simply  connected  at  high  speed  with  low 
c  onnec  t i on  loss. 

2 . Present  ioining  techniques 

Presently,  we  use  the  two 
technologies  of  mass-fusion  splicing  and 
MT  connectors  for  optical  fiber  cable 
joining.  Kach  of  these  techniques  has 
its  own  advantages  (Table  1).  Mass- 
fusion  splicing  can  achieve  low  splice 
loss,  and  the  reliability  of  the  spliced 
portion  is  very  high.  On  the  other 
hand,  MT  connector  are  fast  and  can  be 
rapidly  transferred  from  one  ribbon  to 
another  by  using  a  transferring  system, 
(onscqiiently,  MT  connectors  have  been 
ii.sed  at  connecting  points  wticrc 
transferring  will  occur  in  the  near 
liiture  and  ma.ss-fiision  .splicing  has  been 
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used  at  splicing  points  where 
transferring  will  not  occur. 

Figure  1  shows  the  connecting 
procedures  for  conventional  pre¬ 
connector  i  zed  cable  and  the  tine  required 
to  connect  the  cable.  In  the  case  of  MT 
connectors,  whereby  high-speed  connection 
can  be  accomplished,  it  takes  about  one 
work  day  to  join  a  1000-fiber  cable  using 
conventional  techniques.  Therefore,  it 
takes  a  huge  amount  of  time  to  join  the 
ultra-high-count  optical  cable^^^  which 
has  been  considered  in  the  construction 
of  FTTH  networks. 


Tabl*  1  rMturms  of  Moss-fnoloa  Spile* 

and  MT  Connaetor  Joialas  Tacdnlquas 


Nuss-foslaa 

splio* 

NT  Coaaaeter 

Spile*  lost 

Av*.  0.1  dB 

Av*.  0.35  dB 

Splio*  tia* 

5  ala./  ribbaa 

1  ada./  ribbaa 

Loss  etoog^ 
in 

<  0.05  dB 

<  0.2  dB 

baat-eyela 

taut 

(-40  r  -  CO  X) 

(-40  r  -  CO  r» 

Ceanaetien 


aaeasa  fibar  laayth 
traataaat 


C 


Closur*  attaebaant 


l.S  hours 


-  4.5  hours 
(S-MTxUS) 


1  hour 


Fig.1  Connsctino  procedures 

for  conventional  pie-conneetoiliod  eaWe 


3.  Pasisa  of  new  sre-coaaector i red  cahles 

3. 1  Coacests  for  future  loisias 

tachaoloeies 

NTT  has  started  to  develop  an  ultra- 
high-count  cable  having  4000  fibers  for 
optical  subscriber  networks,  so  joining 
techniques  for  this  new  cable  must  be 
developed.  In  this  case,  optical  cable 
joining  technics  should  be  siaplified  and 
the  joining  time  should  be  extremely 
reduced.  In  order  to  satisfy  these 
requirements,  it  is  necessary  to  develop 
high-count  pre-connectorized  cables.  In 
developing  the  high-count  pre- 
connectorized  cables,  it  is  important  to 
be  able  to  connect  aany  fibers  in  one 
connector  and  to  simplify  the  treatment 
of  excess  fiber  length  in  the  Junction 
box. 

Therefore,  we  have  developed  high- 
count  pre-connectorized  cables  by:  (1) 
the  development  of  stacked  aultiple- 
connectors;  (2)  the  enlargement  of  fibers 
contained  in  multiple-connectors. 

Of  course,  low  connection  loss  must 
be  maintained  in  these  approaches. 
Moreover,  it  is  necessary  to  reduce  the 
connection  loss,  because  of  the  high 
number  of  connecting  points  in  subscriber 
loops. 

3.2  Structure  fif  pre-comm*ctar4»ad  cahleu 

In  developing  high-count  pre- 
connectorized  cables,  there  is  an 
important  requirement  which  is  related  to 
installation  condition.  The  inner 
diameter  of  conventional  conduit  is  75 
mm.  So,  the  pulling  head  including  the 
connector  protection,  must  be  smaller 
than  this.  In  considering  this 
requirement,  to  confirm  the  limits  on 
connection  time,  we  studied  new  pre- 
connec t or i zed  cables  of  both  the  fiber 
ribbon  unit  connection  type  and  the  array 
connection  type. 

(I)  Fiber  ribbon  unit  connector  type  for 
high-count  cables 

We  considered  two  types  o.  f 
connectors  which  have  been  used  in  these 
pre-connectorized  cables.  Figure  2 
shows  the  structure  of  these  connectors. 
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8-fiber  ribbons 


guide  pin  holes 

(a)  stacked  multiple-connector 


(b)  40-flber  unit  connector 

Fig.2  Structure  of  Fiber  Ribbon  Unit  Connector 


Figure  2(a)  shows  a  stacked  multiple- 
eonnector  which  is  composed  of  8-fiber- 
con  nectors,  like  the  conventional  8-MT 
connector,  and  two  pins  to  combine  twelve 
8-fiber-connectors.  Each  connector  in 
the  stacked  connector  is  aligned  by  guide 
plus.  Figure  2(b)  shows  a  40-fiber  unit 
connector  to  which  five  8-fiber  ribbon 
were  attached.  The  structure  of  200- 
fiber  pro-connectorized  cable  to  whicfi 
4  0  -  f  i  b  e  I  unit  connectors  were  a  1 1  a  c  ti  e  d  , 
and  tfie  connecting  procedure. s  are  shown 
in  Fig.'J.  The  connecting  procedures  arc 
as  follows. 

( ,1  )  the  pul  ling-eye  is  removed. 

(b)  The  under  cover  is  attached. 

(c)  If  nit  connectors,  packaged  in  easy- 
access  trays,  are  pulled  out  removed  from 
t  h  c  t  r  a  V  s  . 

(d)  All  unit  connectors  are  connected. 

(e)  Excess  fiber  lengths  of  unit 

connectors  are  pushed  into  the  trays. 

(f)  The  upper  cover  is  attached  last. 

The  main  feature  of  this  type  is 
easy  fiber  access  and  bundling. 

(2)  Array  connector  type  for  ultra-high- 
count  cables 

In  the  array  connector  type,  it  i.s 
important  to  arrange  many  connectors 
densely  and  to  align  them  simultaneously. 
The  cable-end  structure  of  the  1000-fiber 
cable  is  shown  in  Fig. 4.  12i 


upper  couer 
attachment 


Fig.3  Cable-end  structure  of  unit  connection  type,  and  connecting  procedures 
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conventional  8-MT  connectors  are  arranged 
in  an  array  on  each  cable  end.  The 
cable  end  also  has  two  large  pins  acting 
as  cable  guides.  These  pins  are  used  to 
align  the  cable -end  face.  Connectors 
are  aligned  by  guide  pins  which  are  held 
by  each  connector.  The  connecting 
procedures  are  as  follows. 

(a)  The  pulling-eye  is  removed. 

(b)  The  cable-ends  are  butted  together 
and  fixed  tightly  by  universal  joint. 

The  main  feature  of  this  type  is 
that  all  connectors  can  be  connected  in 
one  action  when  the  cable-ends  are 
joined. 


housing 

Fig.  4  Cable  end  structure  of  array  connecSon  type 


4,  Perforaance 
4,1  Connection  loss 

Connection  losses  of  stacked  8-fiber 
connectors  relate  to  each  8-fiber 
connector’s  loss.  So,  we  evaluated  the 
connector  loss  of  stacked  connectors, 
comparing  them  with  8-fiber  connector 
loss.  Figure  5  is  the  histogram  of  the 
difference  between  stacked  8-fiber 
connector  Joss  and  8-fiber  connector 
loss.  The  average  of  increasing  loss  is 
about  0.04  dB.  The  influence  of 
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Fig.6  Connection  teas  d  fii»oonnsolotged  cable 
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number 


stacking  is  sufficiently  suppressed. 

The  connection  loss  histogram  of 
p r e -c on ne c t o r i zed  cable  with  40-fiber 
unit  connectors  is  shown  in  Fig. 6.  An 
average  loss  of  0.35  dB  is  achieved. 
Figure  7  is  the  loss  histogram  when  40- 
fiber  connectors  are  connected  with  other 
40 -fiber  connectors  at  random.  The 
average  loss  is  about  0.38  do.  These 
'oss  levels  are  the  same  as  that  of 
conventional  8-MT  connector. 


connection  loss  (dBi 

Fig.8  Connection  loss  histogram  of  array  connection  type 


measured  connector 


Figure  8  shows  the  connection  loss 
histogram  of  the  array  connection  type. 
Measured  connectors  are  arranged  in  an 
array  as  shown  in  Fig. 9.  The  average 
loss  is  0.35  dB.  In  this  array 
connection  tyue,  conventional  8-MT 
connectors  were  used,  with  an  average 
loss  of  about  0.33  dB. 

As  described  above,  both  types  have 
sufficient  performance  to  enable  the 
construction  of  subscriber  networks. 

4 , 2  Connection  time 

The  processing  time  of  pre- 
Conner  tori? ed  cable  with  4  0 -  fiber  unit 
connectors  is  shown  i:i  Fig.  10. 
Connection  time  of  about  20  minutes  for 
200-fiber  cable  is  achieved.  This  is 
about  10  times  faster  than  the  speed 
attainea  By  conventional  connecting 
techniques.  In  this  first  trial,  the 
fiber  pitch  of  the  40-tiber  connector  is 
0.23  ram.  A  hig-her-density  unit 
connector  is  expected  to  bo  developed  by 
decreasing  fiber  pilch.  Consequently,  a 
high-speed  connection  will  be  also 
achieved  for  more  than  lOOO-Iiber  cables 
by  forabining  higher-density  unit 
connector  and  stacked  mu  1 1 i p 1 e-t onnet t or 
tethni  qiies. 

The  processing  time  for  the  a.iuv 
connector  type  is  shown  in  Fig.  11. 
Fonnection  time  is  about  90  minutes  for 


Fig  10  Processing  time  of  unit  connection  type 
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Fig.  1 1  Processing  time  of  array  connection  type. 


1000-fiber  cable.  ‘  The  main  reason  for 
the  longer  connection  time  of  the  array 
connector  type,  compared  to  the  fiber 
unit  connector  type,  is  the  conpector  end 
treatment,  including  oil  application  and 
insertion  of  many  connector  guide  pins. 
This  connector  type  can  also  be  used  for 
more-than-lOOO-fiber  cables  by  using 
higher-density  unit  connectors. 

5«  Conclusions  ' 

We  began  to  develop  simple,  high- 
speed  and  low-loss  connection  techniques 
which  arc  indispensable  for  con-itiuction 
of  optical  subscriber  cable  networks  for 
FTTH  We  propo.sed  now  high-count  pre- 
connectorizcd  cables  and  evaluated  the 
performanccc  as  afirscstep  in  the 
development  of  future  Joining 
technologies.  The  following  results 
have  been  obtained  with  the  ■.  e  w  p  r  »•  - 
connector i /ed  tables. 

(1)  (ables  of  1000  libers  and  JOO  (ibers 
can  be  i:onnerl,*d  in  about  HO  mis.  and 
about  min.,  n-.spec  t  •  v c  1  v  . 

(2)  .Average  <  on  net  I  i  on  lo.-.se.>;  of  O.il  dB 
for  array  i  oiinei  I  i  on  and  about  (i.  i'j  dll 
for  fiber  nnil  loiinection  are  achieved. 

r  h  e  i  e  results  s  h  o  w  l  h  e  n  e  w  1  y 
proposed  (  o  n  lie  t  t.  i  on  t  e  i  h  n  i  q  ne  s  to  be 
useful  in  a'liieving  FTTH. 
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Abstract. 


Fiber  optic  cable  installations 
require  ceibles  terminated  with  connectors. 
The  ever-increasing  demand  for  these 
products  calls  for  automation  of  the 
presently  used  manual  assembly  methods,  so 
as  to  ensure  cost  reduction  and  the 
attainment  of  a  uniform  quality  level. 
This  requires  consideration  of  the 
specific  properties  of  fiber  optic  cables 
and  optical  connectors:  most  of  the  fiber 
optic  cables  contain  tough  and  hard-to-cut 
aramid  yarns,  the  fiber  is  extremely 
delicate  and  the  assembly  of  optical 
connectors  requires  a  certain  degree  of 
dexterity.  This  paper  will  describe  how  a 
specially-developed  process  renders 
possible  the  automated  mounting  of  fiber 
optic  connectors. 


Introduction. 


The  growth,  of  fiber  optic  cables  in 
local  networks^  and  in  the  subscriber 
loop^  places  the  connection  techniques 
into  increasing  focus.  While  tele¬ 
communication  trunk  links  which  make  up 
today's  major  part  of  fiber  optic 
applications  have  distances  between 
connections  on  the  order  of  several  tens 
of  km,  the  corresponding  interval  in  these 
new  applications  shrinks  to  the  order  of 
1  km  (0.6  mi)  and  to  substantially  less 
than  that,  in  LANs.  With  interconnections 
assuming  an  increasing  portion  of  the 
overall  costs,  it  has  become  necessary  to 
concentrate  on  reducing  the  cost  of  the 
connectors  as  well  as  the  cost  of  their 
assembling  and  testing  without  affecting 
their  optical  properties. 

The  assembling  of  cables  with 
connectors  can  be  carried  out  either  on¬ 
site  or  through  the  use  of  pre¬ 
connector  ized  cables  or  by  splicing-on 
connector ized  pigtails.  Although  some 
connectors  were  developed  to  facilitate 
on-site  installation,  this  procedure  which 
requires  measurement  of  the  optical 
properties  continues  to  be  cumbersome  and 
prone  to  failure.  A  further  problem 
connected  with  on-site  installation  is  the 


required  assembly  time.  The  installation 
of  a  LAN,  for  example,  may  interfere 
considerably  with  the  normal  business 
activity  of  a  customer. 

Connecters  are  assembled  and  installed 
under  optii..:/!  conditions  in  a  factory 
environment.  c  "intity  production  can 
result  in  cost-effectiveness  without 
sacrificing  the  demanding  requirements 
placed  on  the  optical  characteristics. 
Automated  assembly  ensures  a  reproducible 
and  reliable  manufacturing  process.  As  far 
as  we  know,  the  market  provides  no 
satisfactory  solution  for  the  automated 
mounting  of  optical  connectors.  We 
therefore  investigated  the  possibility  of 
automated  assembly  and  this  paper  reports 
the  results  of  our  work. 


Optical  Connectors  and  the  Mounting  of 
Optical  Connectors. 

We  limit  our  description  to  the 
mounting  of  single-fiber  connectors  to 
cables  whose  single  fiber  has  the 
following  dimensions: 


Cladding  dia.:  125  pm 
Primary  coating  dia.:  250  pm 
Secondary  coating  dia.;  900  pm 


Fig.  1  Indoor  cable  containing  one 

optical  fiber  (cross-section) 


International  Wire  &  Cable  Symposium  Proceedings  1991  303 


The  secondary  coating  may  be  "loose"  or 
"tight".  Our  cable  design  utilizes  aramid 
yarns  as  strength  members  and  a  PVC,  PE  or 
TPU  outer  jacket.  The  outer  diameter  of 
the  cable  is  between  2.2  and  3.5  mm 
(0.087"  and  .138").  Fig.  1  shows  a  typical 
cross-section. 

The  market  offers  a  great  number  of 
different  optical  connectors  for  either 
single-mode  or  multi-mode  fibers.  We  shall 
limit  our  description  to  connectors  that 
utilize  a  ferrule  to  guide  the  fiber. 
These  are  distinguished  by  the  following 
features : 

□  their  design,  which  allows  for  the 
lateral  adjustment  between  the  cores 
of  adjoining  fibers; 

□  their  ability  to  allow  for  physical 
contact  or  no  physical  contact  between 
adjoining  cores; 

□  the  design  of  their  mechanical  coupling 
mechanism; 

a  the  manner  in  which  the  cable  is 
secured; 

D  the  number  of  component  parts  and  their 
assembly; 

o  the  use  of  adhesives  and  their  curing; 

□  the  finishing  of  the  ferrule  face 
(polishing) . 


The  lateral  alignment  of  the  fiber 
extremities  may  make  use  of  active  methods 
(i.e.:  the  fiber  end  is  fine-positioned 
and  tied  down  under  the  microscope)  and  of 
passive  methods,  in  which  high-precision 
ferrules  are  used  to  guide  the  fiber.  The 
automated  mounting  of  the  connectors  is 
greatly  simplified  using  the  passive 
method.  We  are  limiting  ourselves  to  the 
implementation  of  this  type  of  connector. 

The  cable  is  attached  to  the  connector 
body  by  crimping  a  sleeve  to  the  back  part 
of  the  connector,  whereby  the  aramid  yarns 
are  seized  at  the  same  time.  Occasional 
use  is  also  made  of  adhesives.  We  utilize 
connectors  which  secure  the  cable  by 
crimping  without  the  use  of  adhesives. 
Only  in  the  ferrule  is  the  fiber  secured 
by  an  adhesive  for  which  we  generally  use 
a  two-component  epoxy. 

The  most  popular  connectors  consist  of 
anywhere  between  two  and  eight  component 
parts,  including  the  boot.  For  the 
automated  mounting  procedure  we  have 
considered  only  those  connectors  which  are 
simple  to  assemble.  They  consist  of  three 
parts : 

-  connector  body; 

-  crimp  sleeve; 

-  boot. 


One  such  connector,  for  example,  is  the 
EC-connector  which  is  described  in  another 
paper  of  this  Symposium^.  For  automated 
mounting  this  connector  can  be  purchased 
with  a  pre-mounted  barrel.  Fig.  2 
illustrates  its  component  parts. 


The  curing  of  the  epoxy  which  secures 
the  fiber  in  the  ferrule  and  the  polishing 
of  the  tip  of  the  ferrule  are  time- 
consuming  steps.  The  best  way  to  treat 
them  is  to  process  several  connectors  at  a 
time,  ten  for  example,  using  special 
equipment  made  available  by  connector 
manufacturers  for  this  purpose. 

Automated  Connector  Mounting. 

The  following  assembly  sequence  must 
generally  be  observed; 

Cable  Preparation. 

The  cable  must  be  cut  to  length  from 
its  reel  and  the  jacket  must  be  stripped 
back  to  a  prescribed  dimension.  The 
exposed  aramid  yarns  must  be  seized  and 
cut  back.  The  primary  and  secondary 
coatings  must  then  be  removed  neatly  to 
the  prescribed  length  for  the  particular 
connector. 

Affixing  the  Connector  Component  Parts  to 
the  Cable. 

The  assembly  sequencing  depends  on  the 
type  of  connector  used.  In  general,  the 
following  steps  are  required:  the  boot  and 
the  crimp  sleeve  must  be  threaded  onto  the 
cable.  The  connector  body  is  then  filled 
with  an  epoxy  and  the  fiber  is  inserted 

into  the  connector  and  ferrule.  Finally, 

the  crimp  sleeve  is  crimped  down  to 

provide  strain  relief  and  the  boot  is 

attached . 
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Curing  the  Epoxy. 

Most  connectors  utilize  a  two-component 
epoxy  for  bonding  the  fiber  to  the 
ferrule.  This  epoxy  cures  in  several 
minutes  at  elevated  temperature.  For  this 
step  a  number  of  assembled  connectors  are 
jointly  placed  onto  a  specially-adapted 
hot  plate. 

Polishing  the  Ferrule  Tip. 

Once  the  epoxy  has  hardened,  that  part 
of  the  fiber  which  protrudes  from  the 
ferrule  must  be  scored  and  snipped  off. 
Next,  the  tip  of  the  ferrule  must  be 
polished  according  to  a  specified 
procedure.  The  polishing,  too,  is 
conducted  simultaneously  on  a  certain 
number  of  connectors. 


Testing  of  Assembled  Connectors. 

The  success  of  the  connector  mounting 
operation  is  verified  through  measurement 
by  comparing  the  insertion  and  reflection 
losses  to  the  specified  values. 


Principal  Steps  in  Automated  Connector 
Mounting. 

Automatic  or  semi-automatic  devices  for 
cutting  the  cables  to  length,  for  the 
adhesive  curing  and  for  the  polishing  of 
the  ferrule  tip  are  commercially 
available.  Fig.  3  illustrates  schemati¬ 
cally  our  automated  connector  mounting 
sequence.  The  concept  includes  several 
work  stations  for  the  preparation  of  the 
cable  ends  and  for  attaching  the 
connector. 
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Fig.  3  Principle  of  the  automated 
connector  mounting  set-up 


The  cable  is  transported  between 
individual  work  stations  on  a  support 
which  rests  on  a  moving  belt.  Fig.  3 
also  shows  the  condition  of  the  cable  end 
after  each  process  step.  The  following 
explanation  provides  details  of  these 
individual  steps; 

Cable  Loading.  The  cable  end  is 
manually  loaded  into  the  cable  loading 
station.  An  automatic  grip  mechanism 
ensures  that  the  end  of  the  cable 
protrudes  from  the  cable  retainer  of  the 
transport  system  by  a  predetermined 
length.  Thereupon  the  cable  is  moved  on 
to  the  next  station. 

Jacket  Removal.  Two  blades  are  passed 
over  the  cable  end  for  the  purpose  of 
scoring  and  removing  the  jacket.  The 
aramid  yarns  are  now  exposed. 

Aramid  Yarn  Removal.  As  a  first  step, 
the  aramid  yarns  which  adhered  slightly  to 
the  secondary  coating  are  now  freed.  Next 
they  are  stretched  into  a  defined  position 
before  being  cut  back  to  the  required 
length. 

Crimp  Sleeve  Loading.  The  required 
crimp  sleeve  is  now  pulled  over  the  cable 
in  such  a  manner  that  the  aramid  yarns  are 
pushed  back  over  the  jacket.  This  prevents 
them  from  interfering  with  further 
processing. 

Buffer  Removal.  Two  precisely  adjusted 
blades  cut  into  the  coating  and  pull  it 
off.  Additionally,  the  coating  may  be 
softened  by  heating.  On  cable  types  with 
which  we  have  experience,  the  optical 
fiber  is  free  from  any  residue  following 
this  step.  It  is  possible  that  additional 
cleaning  may  be  required  with  other  cable 
types. 

Connector  Mounting.  In  the  last  work 
station  several  steps  are  carried  out  in 
sequence; 

the  connector  is  stibjected  to  a 
precisely  metered  epoxy  application 
through  a  hollow  needle  (Fig.  4) ; 

-  the  connector  is  then  placed  over  the 
cable  end  at  a  preset  speed  through  a 
linear  drive  motor  (ferrule  loading)  (Fig. 
5)  ; 


-  the  aramid  yarns  are  loosened  and  the 
crimp  sleeve  together  with  the  aramid 
yarns  are  placed  over  the  rear  portion  of 
the  connector  (crimp  sleeve  positioning) 
(Fig.  6) . 

-  finally,  the  sleeve  is  crimped. 
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Epoxy  application  to  the  connector 


Fig.  5  Applying  the  connector  to  the 
fiber 


This  last  step  completes  the  mounting 
of  the  connector  and  the  terminated  cable 
may  now  be  removed  from  the  device.  For 
the  required  curing  of  the  epoxy  and  the 
ensuing  polishing  of  the  face  of  the 
ferrule  several  connectors  may  be  gathered 
together  for  simultaneous  processing. 


Fig.  6  Positioning  of  the  crimp  sleeve 


Results. 

Experience  gained  with  this  system, 
using  the  EC-connector ,  confirmed  that  the 
automated  mounting  of  fiber  optic 
connectors  is  possible.  The  various  cable 
members  can  be  cut  to  the  exact  length 
with  the  required  degree  of  precision  and 
the  fiber  can  be  introduced  mechanically 
into  the  connector  body.  It  is  therefore 
necessary  that  the  connector  ferrule  be 
provided  with  an  internal  bore  hole  that 
corresponds  to  the  diameter  of  the 
particular  fiber.  Fig.  7  illustrates  the 
strip-back  dimensions  required  for  the 
connector  mounting  operation. 


Fig.  7  Definition  of  individual  strip- 
back  dimensions 
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The  following  definitions  refer  to  Fig.  7: 


L.  =  jacket  strip-back  length 

=  remaining  length  of  the  aramid  yarn 
=  remaining  length  of  the  coating 

The  results  achieved  on  one-hundred 
(100)  cables  are  shown  in  Figs.  8a  through 
8c.  The  standard  deviation  (s)  of  these 
values  is  on  the  order  of  0.5  mm.  This 
value  is  less  than  that  normally 
experienced  with  manual  mounting  and 
therefore  entirely  satisfactory.  The  epoxy 
filling,  the  introduction  of  the  fiber  and 
the  crimping  operation  show  results 
comparable  to  those  experienced  with 
manual  connector  mounting. 

Table  1  illustrates  the  time  required 
for  the  execution  of  the  individual  steps. 
The  present  state  of  development  of  this 
technique  leads  to  a  cumulative  total 
assembly  time  of  about  one  minute.  It  is 
felt  that  this  can  still  be  reduced. 

It  may  become  necessary  to  alter  the 
details  and  the  sequencing  of  the 
individual  assembly  steps,  depending  on 
the  type  of  cable  or  connector  used.  Once 
the  connector  is  assembled,  the  epoxy  m.ust 
still  be  cured  and  the  face  of  the  ferrule 
must  be  polished. 


Summarv 


We  have  demonstrated  that  the  automated 
mounting  of  connectors  to  fiber  optic 
cables  is  possible.  The  time  required  at 
the  present  stage  of  development  is  about 
one  minute.  The  curing  of  the  epoxy  and 
the  polishing  of  the  face  of  the  ferrules 
must  be  carried  out  in  parallel  on  batches 
of  connectors.  Thus,  480  connectors  can  be 
mounted  in  about  eight  hours.  It  is 
possible  to  increase  the  efficiency  of  the 
process  if  the  work  stations  are  set  up 
for  simultaneous  operation  on  the  cable 
ends,  that  is,  if  several  cable  ends  are 
being  worked  on  at  the  same  time.  This 
permits  the  actual  mounting  of  the 
connector  to  be  divided  over  several  work 
stations,  thus  lowering  the  time  cycle. 


50- 


Fig.  8  Statistical  distribution  of 
measured  strip-back  lengths 
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Operation; 


I  Cable  transport 
I  Load  cable 
1  Strip  back  jacket 
I  Cut  aramid  yarns 
I  Place  crimp  sleeve 
I  Remove  coating 
I  Mount  connector 


Elapsed  time  | 
(sec.)  J 


5 
4 
2 
4 
4 

6 
35 


Total  time: 


60 


Tcible  1:  Automated  fiber  optic  connector 
mounting.  Required  time  for  indi¬ 
vidual  operations. 
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Abstract 


a  splicer,  a  decision  of  an  appropriate  tensile 
load  is  important. 


In  order  to  assure  long-term  reliability  for 
fusion  spliced  fiber.  It  is  necessary  to 
eliminate  weak  splices  by  a  screening  test  before 
reinforcement.  This  paper  explains  the  failure 


mechanism  of  mass-fusion 

spliced 

fibers  and 

the 

theory  concerning 

the 

failure 

strength 

for 

mass-fusion  spliced 

fiber 

ribbon. 

Thus  It 

was 

demonstrated  that 

the 

failure 

strength 

for 

mass-fusion  spliced  fiber  ribbon  can  be  estimated 
well  using  numerical  simulation.  Based  on  the 
conventional  screening  theory,  the  appropriate 
tensile  load  during  the  screening  test  is  derived 
from  failure  strength  for  any  number  of  mass- 
fusion  spliced  fibers  in  a  ribbon.  In  case  of  12 
fibers,  It  is  sufficient  to  apply  a  tensile  load 
of  0.3kg  in  order  to  keep  the  failure  probability 
lower  than  10”^  for  20  years. 


1.  Introduction 


Recently,  high-count,  high-density  optical 
fiber  cables  were  introduced  into  subscriber 
networks,  thus  the  mass-fusion  splicing  technolo¬ 
gies  have  been  developed  for  the  purpose  of  Join¬ 
ing  optical  fiber  ribbon  quickly  and  economically. 

It  was  reported  that  an  automatic  splice  machine 
capable  of  mass-splicing  up  to  12-fibcr  ribbons 
with  loss  lower  than  O.ldB  was  developed'”. 
While  the  theory  of  long-term  reliability  for  the 
fusion  spliced  single-fiber  was  reported'^’.  it 
has  not  been  discussed  in  detail  so  far  for  the 
mass-fusion  spliced  fiber  ribbon. 

In  this  paper,  firstly  the  failure  mechanism 
of  mass-fusion  spliced  fibers  is  cleared.  Next  a 
theory  of  failure  strength  for  mass-fusion  spliced 
fiber  ribbon  Is  proposed.  Lastly  the  appropriate 
tensile  load  to  assure  a  long-term  reliability  is 
calculated  using  an  equation  based  on  the 
experimental  results.  In  the  present  mass-fusion 
splicer,  the  number  of  fibers  in  a  ribbon  can  be 
selected  from  1  to  32.  The  machine  automatically 
realizes  the  optimum  fusion  condition.  For  such 


2.  Screening  theory  for  spliced  single-fiber 

An  optimum  reinforcement  method  Increases  the 
initial  reliability  in  spliced  points.  However, 
as  there  may  be  some  defective  splices,  weak 
points  among  spliced  portions  must  be  eliminated 
through  a  screening  test  with  appropriate  tensile 
load  from  the  viewpoint  of  long-term  reliability 
assurance.  Usually  a  screening  test  is  performed 
after  splicing  and  before  reinforcement.  It  is 
very  difficult  to  find  the  fault  with  the 
reinforced  fibers,  especially  with  mass-fusion 
spliced  fiber  ribbon.  For  the  reason.  it  is 
Important  to  decide  the  appropriate  tensile  load. 


FIBER  PATH 


no. 

MATERIAL  | 

SHAPE 

(2) 

HEAT-SHRINK  TUBE 

CIRCULAR 

...CD 

EVA  TUBE 

ELLIPTIC 

(3) 

CERAMICS  ROD 

SEMI-CIRCULAR 

FIG.1  CURRENT  REINFORCEMENT  STRUCTURE 
FOR  MASS-FUSION  SPLICED  FIBER 


Fig.l  shows  the  structure  of  a  typical 
protection  sleeve  for  reinforcement  after 
splicing.  It  is  composed  of  3  elements,  a 
heat-shrink  tube,  a  hot-melt  adhesive  tube  of  EVA 
and  a  tension  member.  The  protection  sleeve  is 
Inserted  over  the  spliced  portions  and  heated. 
After  this  process,  the  splice  protection  is 


International  Wire  &  Cable  Symposium  Proceedings  1991  309 


exposed  under  various  environments.  Thermal 
stress.  Os.  caused  in  fibers  is  one  of  the  major 
factors  for  long  term  reliability.  Thermal 
stress  in  a  fiber,  which  is  caused  by  the 
difference  of  thermal  expansion  coefficient  among 
the  elements  of  protection  sleeve  and  the  fiber, 
is  given  by  the  following  equation: 


o  , 


(a  2“C  i)A2f2+(c  3"a  1)^313 
AjEj  +  ^2^2  ^  ^3^3 


E  ,  A  T 


(t) 


where  a,  A  and  E  denote  the  thermal -expansion 
coefficient,  cross-sectional  area,  and  Young's 
modulus,  respectively  and  subscripts  1,  2,  and  .1 
indicate  fiber,  adhesive  resin  (EVA)  and  tension 
member,  respectively. 

Concerning  the  spliced  single-fiber,  it  was 
reported  the  relationship  between  thermal  stress 
and  tensile  load  during  screening  test  to  assure  a 
long-term  reliability'^’.  According  to  the 
paper,  in  order  to  keep  the  failure  probability 
lower  than  lO'"'  for  20  years,  tensile  load  four 
times  as  large  as  the  maximum  thermal  stress  must 
be  applied.  Therefore,  in  case  a  fluctuation 
range  of  temperature  AT  is  from  -40  to  70 1:  and 
the  tension  member  is  stainless  steel  rod,  which 
is  used  conventionally,  the  thermal  stress  is 
calculated  at  9kg/mm^  using  Eq.(l).  Thus  tensile 
load  becomes  36kg/mm®  (  =9kg/rom®  x  4  ),  that  is 
equivalent  to  the  strength  of  0.45kg  for  a  fiber 
(its  diameter  is  125  pni).  Recently,  instead  of 
stainless  steel  rod,  ceramics  rod  is  being  used 
as  a  tension  member.  As  the  thermal-expansion 
coefficient  of  ceramics  is  closer  to  that  of 
fiber,  the  thermal  stress  calculated  by  Eq.(l)  is 
reduced  to  0.8kg/mm®.  Consequently  It  is 
sufficient  to  apply  3.2kg/mm^,  that  corresponds 
to  0.04kg  per  one  fiber.  as  a  tensile  load  in 
order  to  assure  the  failure  probability  10”’’’  for 
20  years.  The  relationship  between  tensile  load 
and  failure  probability  is  shown  in  Fig. 2.  As  a 
result,  a  ceramics  tension  member  needs  1/11 
tensile  load  compared  with  a  stainless  steal 
tension  member. 


RG.2  RELATIONSHIP  BETWEEN  FAILURE 
PROBABILITY  AND  TENSILE  LOAD 
FOR  SPLICED  SINGLE-FIBER 


3.  Screening  condition  for  mass-fusion  splicing 
3-1  Theory  of  failure  strength 

In  the  present  mass-fusion  splicing 
procedure,  jacket  removing,  cleaving  are  done 
simultaneously  to  the  fibers  in  a  ribbon.  After 
the  cleaving,  each  fiber  in  a  ribbon  is  placed 
face  to  face  on  each  V’-groove,  and  mass-fusion 
spliced  with  an  electric  arc  (Fig. 3).  However 
after  mass-fusion  splicing,  the  fibers  in  a 
ribbon  does  not  break  simuitancousiy  but  they  may 
break  one  by  one  by  an  accident. 


OPTICAL  FIBER  RIBBONS 


FIG.3  MASS-FUSION  SPLICING 
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Accordingly  we  analyzed  the  failure  mechanism 
of  mass-fusion  spliced  fibers  at  first.  In  a 
mass-fusion  splicing,  it  was  uncertain  whether 
the  fusion  conditions  for  every  fiber  were 
uniform.  For  the  purpose.  Thus  it  is  important 
to  know  the  effect  of  fusion  conditions  to  failure 
strength  of  each  mass-fusion  spliced  fibers.  Two 
particular  fusion  conditions  over  mass-fusion 
splicing  are  considered.  One  is  the  difference 
of  the  arc  power  applied  to  the  fiber  placed  on 
the  each  V-groove.  This  may  be  caused  by  thermal 
distribution  of  electric  arc.  Fig. 4  shows  the 
failure  strength  distributions  of  Individual 
fibers  taken  from  the  mass-fusion  spliced  12-fiber 
ribbons.  The  failure  strength  did  not  depend  on 
the  position  of  fibers.  The  other  is  the 
difference  of  stuffing  stroke  of  each  fibers  after 
arc  as  illustrated  in  Fig. 5.  The  allowable 
variance  of  cleaved  length  is  pre-set  30  p m  on 
one  side  of  the  fibers  to  be  spliced.  Thus  the 
difference  of  the  stuffing  stroke  is  occurred  from 
20  to  80  pm  .  Finally  after  splicing,  all 
fibers  become  the  same  length,  and  never  show  the 
curving  or  bending.  Fig. 6  shows  the  relationship 
between  the  failure  strength  and  stuffing  stroke 
of  each  fibers.  The  failure  strength  was  found 
independent  of  the  difference  of  stuffing  stroke 
either.  From  these  results,  it  was  clarified 
that  the  failure  strength  of  mass-fusion  spliced 
fibers  were  scarcely  affected  by  the  slight 
difference  of  fusion  conditions.  At  the  same 
time,  the  average  failure  strength  of  Individual 
fiber  is  obtained  at  0.6kg. 


1  2  3  4  5  6  7  8  9  10  11  12 
POSITION  OF  FIBERS 

FIG.4  INDIVIDUAL  FAILURE  STRENGTH 
OF  FIBER  ON  EACH  V-GROOVE 


AE 


(a)  FIBERS  BEFORE  SPLICING 


0, 


(b)  FIBERS  AFTER  SPLICING 

FIG.5  DIFFERENCE  OF  STUFFING 
STROKE  FOR  EACH  FIBERS 


20  25  30  35  40  45  50  55  60  65 
STUFFING  STROKE  OF  FIBERS  (Mm) 

FIG.6  PLOT  OF  FAILURE  STRENGTH 


VS.  STUFFING  STROKE 
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F1G.7  WEIBULL  PLOTS  OF  FAILURE  PROBABILITY 
OF  MASS-FUSION  SPLICED  FIBER 
(DASHED  LINE  IS  FIBER  DIVIDED 
FROM  12-FIBERS  RIBBON) 


Next,  in  order  to  clear  the  failure 
mechanism  of  mass-fusion  spliced  fibers  in  more 
detail,  we  measured  the  failure  strength  of  the 
mass-fusion  spliced  fiber  ribbon.  Here,  the 
failure  strength  of  mass-fusion  spliced  fiber 
ribbon  is  defined  as  the  load  when  the  first 
breakage  occurred  in  spliced  fibers  in  a  ribbon  by 
increasing  tensile  load.  Fig. 7  shows  the 
distribution  of  failure  strength  for  each  number 
of  the  mass-fusion  spliced  fibers  in  a  ribbon  on 
the  Welbull  chart.  If,  2f,  ,  I2f  in  the 

figure  mean  the  number  of  mass-fusion  spliced 
fibers  in  a  ribbon.  The  m  value  derived  from  the 
gradient  of  approximated  line  on  Weibull  chart 
does  not  depend  on  the  numbe”  of  fibers. 
Furthermore,  the  failure  strength  distribution  of 
Individual  fibers  taken  from  mass-fusion  spliced 
fiber  ribbon,  as  indicated  by  the  dashed  line  in 
Fig. 7,  is  almost  the  same  inclination  as  the 
distribution  for  spliced  single-fiber.  Therefore 
it  is  clear  that  one  spliced  fiber  taken  from  the 
mass-fusion  spliced  fiber  ribbon  is  equivalent  to 
the  spliced  single-fiber  chosen  at  random.  Based 
on  these  results,  we  introduced  the  following 
theory  ; 

—  The  distribution  of  failure  strength  for 
N-fiber  ribbon  is  calculated  using  the  minimum 
failure  value  in  N  samples  that  are  extracted  at 
random  from  the  distribution  of  failure  strength 
of  a  spliced  single-fiber. - 

Here,  N  indicates  the  number  of  fibers  in  a 
ribbon.  This  is  explained  in  Fig. 8.  The  upper 
figure  shows  the  distribution  of  the  failure 
strength  for  spliced  single-fibers.  When  N 
samples,  Ai{i=l,  2,  ••• ,  N),  are  extracted  from 


F1G.8  DISTRIBUTION  OF  FAILURE  STRENGTH 
PER  ONE  FUSION-SPLICED  FIBER 


this  group  at  random,  it  is  treated  that  a  set  of 
N  samples  is  equivalent  to  a  N-fibers  ribbon.  In 
case  that  a  tensile  strength  Fs  applies  to 
N-flbers  in  a  ribbon,  it  is  considered  that  the 
Fs/N  is  equally  applied  to  each  fiber  until  first 
breakage.  Therefore  the  failure  strength  of 
mass-fusion  spliced  fiber  ribbon  is  dominated  by 
the  weakest  fiber  in  a  ribbon.  In  other  words, 
the  failure  strength  per  one  fiber  among 
mass-fusion  spliced  fibers  is  calculated  by  the 
minimum  value  of  N-samples  as  is  shown  in  the 
lower  figure. 


In  case  the  above  theory  is  expressed  by 
numerical  equation,  the  distribution  of  failure 
strength  P(Fsn)  for  mass-fusion  spliced  fibers  is 
as  following: 


P  (Fsn)  =  N-p  (Fsi)  {  n  P  (Fsi)  dFsi  1 
J  F  SN 


(2) 


where  p(Fsi)  is  the  distribution  of  failure 
strength  for  spliced  single-fibers.  Fig. 9  shows 
the  mean  values  of  failure  strength  calculated  by 
Eq.(2)  and  actually  measured  for  up  to  12-fiber 
ribbon.  It  is  apparent  that  the  failure  strength 
for  mass-fusion  spliced  fiber  ribbon  was  estimated 
well.  Consequently,  the  above  theory  is 
justified. 
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FI6.9  RELATIONSHIP  BETWEEN  FAILURE 
STRENGTH  AND  NUMBER  OF 
MASS-FUSION  SPLICED  FIBERS 
IN  A  RIBBON 


FI6.10  RELATIONSHIP  BETWEEN  DYNAMIC 

FATIGUE  PARAMETER  (N  VALUE)  AND 
NUMBER  OF  FIBERS  IN  A  RIBBON 


3-2  Appropriate  tensile  load  during  screening  test 

According  to  Ref. [2],  when  the  thermal 
stress,  Os.  Is  applied  to  a  fusion  spliced 
portion  after  a  screening  test,  failure 
probability,  Fs,  is  expressed  by  the  following 
equation  in  case  of  a  spliced  single-fiber. 


where  op  is  tensile  load,  tp  Is  tensile 
duration,  ts  is  tlme-to-fallure,  ffp  Is  failure 
probability  during  screening  test,  ni  and  mi  are 
constants.  This  nii  value  is  derived  from  Weibull 
distribution  shown  in  Fig. 6  and  the  ni  value 
indicates  the  dynamic  fatigue  parameter.  Fig. 10 
shows  the  relationship  between  measured  n  values 
and  the  number  of  mass-fusion  spliced  fibers  in  a 
ribbon.  It  was  found  that  the  n  values  did  not 
depend  on  the  number  of  mass-fusion  spliced 
fibers.  Thus  it  is  possible  to  use  common  rai 
and  ni  values  for  for  any  number  of  fibers  in 
Eq.(3).  Using  the  following  parameters:  ni=18. 
mi=5,  tp=lsec,  ts=20years,  Fs=10“''  ,  tensile 
load.  Fi.(N),  is  obtained  by  the  following 
equation: 


I  P  (f  s  i) 


where  piFsi)  is  the  mean  of  failure  strength  for 
spliced  single-fiber,  P(Fsn)  is  the  mean  of 
failure  strength  for  N-fiber,  which  is  calculated 
from  Eq.(2),  and  Og  is  the  thermal  stress 
described  in  section  2  for  spliced  single-fiber, 
in  this  case  ceramics  tension  member  is  used. 

Fig. 11  shows  the  tensile  load  which  can  bo 
calculated  by  Eq.(4)  for  any  number  of  mass-fusion 
spliced  fibers. 


FIG.11  FAILURE  PROBABILITY  DEPENDENCY 
ON  THE  NUMBER  OF  MASS-FUSION 
SPLICED  FIBERS  IN  A  RIBBON 


International  Wire  &  Cable  Symposium  Proceedings  1991  313 


4.  Result  of  static  fatigue  test 


The  static  fati^e  of  mass-fusion  spliced 
fiber  ribbon  was  tested  by  applying  a  static  load 
for  a  long  period.  If  a  static  load,  os, 

equivalent  to  thermal  stress  to  the  spliced 
portion,  is  applied  after  the  screening  test, 
tirac-to-failure,  ts.  is  expressed  as  follows 


Iogts  =  -n''lo9°s+lo9ks  (5) 


where  n'  and  ks  are  constants,  determined  by 
material  and  ambient  conditions.  It  is  known 
that  n'  is  equivalent  to  dynamic  fatigue 
parameter,  n,  obtained  from  the  experiments. 

It  was  confirmed  through  the  experiments  that 
there  was  no  breakage  for  20  samples  during  a 
period  of  3  months  (10°  min.),  in  case  the  applied 
static  load,  Os,  is  0.30kg  for  fibers  after 
screening  test.  As  the  relationship  between 
the  time-to-failure  and  the  static  load  is  shown 
in  Fig. 12  derived  from  Eq.(5),  it  is  estimated 
that  the  life  time  of  spliced  fibers  under  a 
static  load  of  0.22kg,  which  is  bigger  than  the 
thermal  stress  discussed  in  section  2,  is  longer 
than  20  years  (10'^  min.). 


FIG.12  RELATIONSHIP  BETWEEN  STATIC 
STRENGTH  AND  TIME-TO-FAILURE 


5. Conclusion 

The  failure  mechanism  of  mass-fusion  spliced 
fibers  was  investigated.  The  tensile  load  on 
screening  test  to  assure  a  long-term  reliability 
for  mass-fusion  spliced  fiber  ribbon  was 
described.  The  main  results  were  as  follows: 

(1)  It  is  demonstrated  that  the  failure  strength 
of  mass-fusion  spliced  fibers  is  scarcely  affected 
by  the  slight  difference  of  fusion  conditions. 

(2)  !*■  is  clarified  that  the  distribution  of 
failure  strength  for  mass-fusion  spliced  fiber 
ribbon  fit  well  to  Wcibull  plot  and  the  ra  value 
(=6)  hardly  depends  on  the  number  of  mass-fusion 
spliced  fibers  in  a  ribbon. 

(3)  The  failure  strength  for  mass-fusion  spliced 
fiber  ribbon  was  estimated  well  by  a  numerical 
simulation  using  the  failure  strength  results  for 
spliced  single-fibers. 

(4)  The  appropriate  tensile  load  to  assure  a 
long-term  reliability  was  calculated  using  an 
equation  based  on  previous  results.  The  equation 
is  applied  to  any  number  of  mass-fusion  spliced 
fibers  in  a  ribbon  . 

(5)  In  case  of  12  fibers.  It  is  sufficient  to 
apply  a  tensile  load  of  0.3kg  during  the  screening 
test  before  reinforcement  in  order  to  keep  the 
failure  probability  lower  than  lO”"^  for  20  years. 
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NEW  COMPACT,  EASY  TO  OPERATE  FIBER  OPTIC  CONNECTOR  COMPATIBLE  WITH  EXISTING  COUPUNGS 


J.  C.  Huber,  N.  H.  Cubukciyan,  A.  Gennaro,  J.  T.  Puchammer,  M. 


3M  Company,  Austin  TX  and  Eatontown  NJ 


ABSTRACT 

A  new  connector  has  been  developed  that  is  fully 
compatible  with  the  ST  (AT&T  trademark)  coupling  and 
also  is  compact,  robust  and  inexpensive.  Connection  and 
disconnection  do  not  require  finger  access  near  the 
mounting  bulkhead.  Connectors  are  mountable  nearly  in 
side-by-side  contact.  Connectors  are  gangable  in  duplex 
format  and  polarized  so  that  transmit  and  receive  fibers 
are  not  mis-connected.  Pulling  on  the  cable  (both  axial 
and  radial)  does  not  cause  physical  disconnection.  Pulling 
on  the  cable  (both  axial  and  radial)  does  not  cause  optical 
disconnection. 


DESIGN  CRITERIA 

Until  fairly  recently  the  most  common  applications  for 
fiber  optic  connectors  have  been  in  higher  revenue  and 
physically  projected  locations.  In  telephony,  the  major 
uses  have  been  in  long  distance  lines,  interoffice  trunks 
and  recently  in  feeder  links.  In  data  communications,  the 
major  uses  have  been  in  Local  Area  Network  backbone 
links.  These  applications  tend  to  have  nearly  continuous 
usage,  fairly  long  lengths  (500  m  to  5  km),  and  are  located 
in  secured  areas. 

Recently  fiber  optics  has  begun  to  be  used  in  lower 
revenue  and  physically  exposed  locations.  In  telephony, 
there  are  a  number  of  field  trials  in  fiber  to  the  home  or 
fiber  to  the  curb.  In  data  communications,  the  Fiber 
Distributed  Data  Interface  (FDDI)  has  brought  fiber  to  the 
desktop  and  there  are  a  number  of  proprietary  links 
between  computers  and  high  speed  peripherals. 

These  new  applications  may  require  new  features  and 
designs  for  fiber  optic  connectors.  To  discover  the  design 
criteria,  a  survey  of  leading  edge  users  was  performed. 
Table  1  lists  the  design  criteria. 


DUPLEX 


COMPACT 


PUSH-PULL 


ROBUST 


STANDARD 


SIMPLE 


AVAILABLE 


'.  Stender,  T.  Szostak 


TABLE  1 

Separate  connectors  for  transmit  and 
receive  are  too  expensive,  too  time 
consuming  and  too  prone  to 
misconnection. 

3.5  inch  wide  printed  circuit  cards 
have  become  popular.  Two  duplex 
connectors  must  not  be  wider  than 
3.0  inches.  Space  available  on 
electronic  equipment  and  patch 
panels  becomes  smaller  with  time. 

Most  common  electrical  connectors 
have  push-pull  operation.  Fiber  optic 
connectors  should  also. 

It  must  not  readily  disconnect, 
mechanically  or  optically.  These  new 
environments  are  not  as  protected 
from  accidental  abuse.  This  applies 
to  both  axial  pull  and  lateral  pull. 

There  are  at  least  five  incompatible 
connectors  designs  in  common  use  in 
telephony  and  in  data 
communications.  In  both  telephony 
and  data  communications  there  are 
millions  of  standard  receptacles  and 
couplings  already  installed  but  not  yet 
in  service.  Any  new  connector  should 
be  backwards  compatible  to  the  most 
commonly  accepted  standard. 

It  must  be  easy  to  install  in  the  field, 
whether  at  the  wall  outlet  or  at  the 
home/curb  by  ordinary  people.  The 
more  like  an  electrical  connection, 
the  better. 

It  must  be  available  from  several 
sources.  No  large  user  wants  to  be 
dependent  on  one  supplier. 


316  International  Wire  &  Cable  Symposium  Proceedings  1991 


As  in  most  new  product  design  criteria,  these  are  not  very 
specific  and  somewhat  contradictory.  Rendering  them  into 
a  design  is  the  art  of  new  product  development.  For  only 
a  specific  design  can  be  effectively  evaluated  by  users  to 
determine  if  it  meets  their  requirements. 

DESIGN 

On  a  worldwide  basis,  the  most  common  data 
communications  connector  is  the  ST  (AT&T  trademark). 
It  is  a  commonly  accepted  standard  in  the  North  America, 
Europe  and  South  East  Pacific  countries.  According  to 
Kessler  Marketing  Inc  (1),  there  are  over  10,000,000  ST 
couplings  and  receptacles  installed  worldwide  for  data 
communications.  The  ST  format  has  been  in  use  for  at 
least  five  years  from  at  least  four  large  suppliers  and  has 
demonstrated  an  excellent  level  of  reliability,  optical 
performance,  simple  installation  and  attractive  price. 
Moreover,  recently  there  have  been  at  least  four  ST 
connectors  introduced  that  greatly  simplify  installation. 
These  connectors  use  fast  acting  adhesives  or  crimp  and 
cleave  designs.  These  designs  are  especially  useful  on  the 
back  side  of  a  duplex  wall  outlet  where  their  simplicity 
outweighs  the  value  of  a  duplex  connector. 

In  its  previous  designs,  the  ST  did  not  satisfy  the 
requirements  of  duplex,  push-pull  and  robust,  as  was  true 
of  most  other  connector  designs.  The  compactness 
requirement  is  dependent  on  the  duplex  design  details. 

Thus  the  challenge  was  to  add  these  features  to  the  ST 
connector  while  still  maintaining  the  ones  inherent  in  the 
native  design. 

Figure  1  is  an  exterior  perspective  view  of  the  resulting 
dc'^ign.  Figure  2  is  a  longitudinal  cross  section  view. 


PUSH-PULL  CONNECTOR  (PERSPECTIVE  VIEW) 
FIGURE  1 


PUSH-PULL  CONNECTOR  (SECTION  VIEW) 
FIGURE  2 

Firstly,  the  connector  mates  with  all  ST  couplings  and 
receptacles  that  comply  with  the  draft  EIA/TIA  6.3 
specification.  This  is  indicated  by  the  2.5  mm  ceramic 
ferrule  and  the  concentric  interior  surface  of  the  outer 
shell. 

Secondly,  the  connector  latches  on  the  ST  coupling  lugs 
with  a  simple  pushing  operation.  The  latches  are  simple 
cantilever  arms  parallel  to  the  ferrule  with  ramps  on  the 
leading  edges.  When  the  connector  is  inserted  into  the 
coupling,  these  ramps  urge  the  latches  outward  until  the 
bayonet  lug  mates  with  the  hole  in  the  latch  arm,  whence 
the  latch  snaps  closed.  The  connector  unlatches  from  the 
lugs  with  a  simple  pulling  operation.  The  outer  shell  is 
pulled  backward  and  reverse  orientation  ramps  engage  the 
latches,  urging  them  outward  until  the  lug  is  free  of  the 
latch  hole,  whence  the  connector  pulls  free.  Latching  and 
unlatching  can  be  accomplished  by  pushing  and  pulling, 
respectively,  on  the  shell  or  on  the  boot. 

Thirdly,  the  push-pull  operation  allows  two  simplex 
connectors  to  be  easily  joined  to  form  a  duplex  connector. 
This  is  easily  accomplished  with  a  simple  bridge  or  yoke 
attachment  device,  as  shown  in  Figure  1.  Different  yokes 
can  provide  duplex  designs  with  different  ferrule  spacings, 
different  connector  key  orientations  and  field-changeable 
versus  factory-fixed  simplex/duplex  conversion. 

Fourthly,  the  compact  outer  shell  allows  the  connector  to 
be  compact.  Ferrule  spacing  of  .50  inch  (12.7  mm)  is 
readily  obtained.  The  simple  push-pull  operation  requires 
less  finger  access  space  and  is  therefore  more  compact. 
Operation  from  the  boot  requires  no  extra  space; 
connectors  can  be  mounted  in  a  close-packed 
configuration,  as  in  a  recessed  outlet. 

Fifthly,  the  connector  features  a  ferrule  that  is  not  rigidly 
attached  to  the  cable.  Yet  the  cable  is  rigidly  attached  to 
the  coupling  through  the  connector  backbone.  So  axial 
and  radial  disturbances  to  the  cable  and  connector  shell 
are  insulated  from  the  ferrule.  In  addition,  the  coupling 
shell  is  gripped  both  externally  and  internally  by  the 
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connector,  providing  further  rigidity  of  attachment.  Thus 
the  connector  is  both  pull-proof  and  side-pull-resistant. 

Sixthly,  the  materials  are  chosen  to  be  compatible  with 
fast-acting  adhesives,  specifically  hot  melt  adhesive. Hot 
melt  adhesive  greatly  reduces  installed  cost  without 
compromising  performance  (2\  An  accurate  amount  of 
adhesive  is  preloaded  in  the  ferrule  in  the  factory.  This 
eliminates  the  time,  mess  and  chance  for  error  of  loading 
epoxy  in  the  field.  And  it  shortens  the  polishing  time 
because  the  adhesive  bead  is  smaller.  And  it  shortens  the 
adhesive  curing  time  because  hot  melt  adhesive  cures  in 
less  than  four  minutes,  compared  to  epoxy,  which  takes 
twenty  minutes.  The  installed  cost  of  hot  melt  connectors 
is  approximately  40%  less  than  epoxy  connectors  (3). 

Lastly,  this  connector  uses  a  zirconia  ferrule.  Zirconia  has 
been  discussed  by  Carter  (4)  as  having  superior  physical 
properties  which  lead  to  superior  optical  and  mechanical 
performance  in  use. 

SPECIFICATIONS 

Table  2  lists  the  specifications  for  this  new  connector.  The 
performance  has  been  specifically  designed  to  meet  the 
requirements  of  the  ANSI  X3T9  Low  Cost  FDDI  and 
Fiber  Channel  committees.  The  design  lends  itself  to 
meeting  a  wide  variety  of  requirements  and  the 
specifications  can  be  modified. 


PUSH-PULL  ST  COMPATIBLE  CONNECTOR  SPECIFICATIONS 

Test  Requirement  ANSI  Coal  Push-Pull  ST  Spec 

MECHANICAL  CHARACTERISTICS 

Axial  Pull  Force 
Plug  Insertion  Force 
Plug  Withdrawl  Force 
Cable/Connector  Axial  Pull 
Side  Pull  Load 
Ferrule  to  Ferrule  Spacing 
Lateral  Connector  Pitch 
Component  Profile  Height 

ENVIRONMENTAL  CHARACTERISTICS 

Operating  Temperature  0  to  60  deg  C 

and  Relative  Humidity  Range  5  to  95%  rh 
Storage/Shipping  Temperature  -40  to  85  deg  C 
and  Relative  Humidity  Range  5  to  100%  RH 
Cable  Flammability  UL  Listed 

RELIABILITY  CHARACTERISTICS 

Frequent  Mating 
Product  Life 
Optical  Repeatability 
Cross  Plug  Repeatability 
Return  Loss 
Insertion  Loss 

•  6  dB  max 


CONCLUSIONS 

A  new  compact,  easy  to  operate  fiber  optic  connector 
compatible  with  existing  couplings  has  been  designed.  It 
meets  the  requirements  of  a  large  number  of  end  users  for 
both  the  enhancement  of  existing  networks  and  also  new 
applications,  such  as  fiber  to  the  home/curb  and  fiber  to 
the  workstation. 
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90  N  (20  lb)  90  N  {20  lb) 

20  N  (4.5  lb)  9  N  (2  lb  nax) 

20  N  (4.5  lb)  9  N  (2  lb  max) 

140  N  (30  lb)  140  N  (30  lb  min) 
not  specified  9  N  (2  lb  min) 
12.7  mm  (.50")  12.7  mm  (.50") 
25.4  mm  (1.0")  25.4  mm  (1.0") 

12  mm  (.47")  12.5  mm  (.49") 


-40  to  60  deg  C 
5  to  95%  RH 
-40  to  80  deg  C 
5  to  100%  RH 
UL  94V-0 


250  min 
lOOK  hours 
.3  dB  max 
1 . 0  dB  max 
30  dB 

not  specified 


250  min 

lOOK  hours  min 
. 2  dB  max 
1 . 0  dB  max 
30  dB 

. 2  dB  typical 


TABLE  2 
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Summary 

The  implementation  of  high  capacity  broadband 
optical  networks  for  the  distribution  of  integrated  services 
and  data  requires  the  development  of  a  range  of  passive 
interconnection  components.  These  single  mode 
components  must  be  low  cost,  high  performance,  low 
reflectivity  and  wavelength  independent  to  allow  future 
evolution  to  multiwavelength  and  coherent  systems. 

This  paper  describes  five  key  components  which  have 
been  developed  in  a  joint  European  project,  sponsored  in 
part  by  the  Commission  of  European  Communities  through 
the  programme  RACE.  These  components  include 
connectors  (including  automated  assembly),  re-enterable 
splices  and  branching  devices. 


introduction 

A  successful  implementation  of  optical  fibre  in  the 
subscriber  loop  is  closely  linked  to  the  cost  of  optical 
networks  compared  to  more  traditional  copper  ones. 

Since  interconnect  and  branching  passive  components 
represent  an  important  contribution  to  the  overall  cost  of 
an  optical  network,  the  European  Community  has  decided 
to  specifically  address  the  points  of  cost  reduction  and 
performance  improvement  of  passive  optical  components 
through  its  programme  RACE  (Research  and  Development 
in  Advanced  Communications  technologies  in  Europe). 

Five  components  developped  for  that  purpose  are 
described  : 

.  The  single  way  connector  is  a  push-pull  type,  field 
mountable  offering  0.25  dB  mean  loss  and  a  worst  case 
return  loss  of  -60  dB.  The  high  return  loss  is  achieved  with 
a  unique  solution  involving  a  silicone  based  index  matching 
membrane,  thus  avoiding  ’physical  contact’  of  the  fibres.  A 
set-up  for  automating  the  cable  stripping  and  connector 
mounting  of  this  (and  other)  connector(s)  has  been 
investigated  offering  a  cost  reduction  in  connector 
assembly  of  up  to  80%  at  high  volumes  ; 

.  The  single-way  re-enterable  splice  also  has  a  push-pull 
mechanism  and  incorporates  a  rigid  plastic  moulded  ’v’ 
groove  as  alignment  feature  offering  0.14  dB  mean  loss  and 
return  losses  better  than  -40  dB; 


.  The  push-pull  multi-way  connector  includes  a  high 
precision  5  or  10  fibre  ribbon  moulded  ’v’  groove  module 
which  integrates  a  direct  solid  glue  transfert  for  an  easy 
assembly; 

.  The  fan-out  connector  enables  a  direct  connection 
between  multi-fibre  units  on  one  side  and  single  fibres  on 
the  other  side.  This  permits  an  easier,  faster  and  therefore 
cheaper  installation  as  well  as  more  reliable  connections 
with  the  use  of  factory  assembled  components; 

.  Finally  1  x  19  and  19  x  19  branching  devices  which  are 
both  wavelength  and  polarisation  independent  have  been 
fabricated.  These  devices  are  based  on  radiative  coupling 
between  bundles  of  fibres  and  the  technique  can  be 
extended  to  very  large  port  count  splitters  eg  64  x  64. 
Reflection  suppression  up  to  -60  dB  has  been  achieved. 

Sinelewav  connector 

The  aim  of  this  work  is  to  develop  a  low-cost,  high- 
performance  singleway  connector  for  subscriber 
distribution  networks,  which  can  be  easily  mounted  in  the 
field  with  simple  tools  and  in  the  factory  with  automatic 
mounting. 

It  has  been  identified  that  the  main  element  of  the 
connector  cost  is  the  ferrule.  The  precision  required  for 
the  ferrule  is  related  to  its  shape,  and  hence  to  the 
alignment  concept  ;  and  for  one  type  of  ferrule,  the 
achievable  tolerances  depend  upon  the  manufacturing 
processes.  The  cost  is  evidently  a  function  of  the  ferrule 
design  and  its  manufacturing  technologies. 

For  cylinder  to  cylinder  alignment  (FC.  ST,  SC,  etc...)  3 
tolerances  of  less  than  1  pm  are  required  for  the  ferrule. 
The  three  tolerances  of  lower  than  1  pm  required  for  a 
cylindrical  ceramic  ferrule  cannot  be  obtained  directly 
from  extrusion  or  moulding  due  to  the  large  shrinkage 
variations.  Successive  and  costly  grinding  processes  are 
needed. 

In  the  case  of  a  conical  ferrule,  only  the  l.D  and  the 
concentricity  are  to  be  controled  within  1  pm  tolerance. 
High  precision  metal  machining  technology  has  been 
developed  for  producing  singlemode  conical  ferrules  at  half 
the  cost  compared  to  the  cylindrical  ceramic  ferrules. 

It  has  been  shown  that  high  return  loss  is  necessary 
for  high  bit-rate  transmissions,  analog  systems  such  as 
CATV.  bidirectional  transmissions  and  coherent 
communications.  Various  techniques  (such  as  "physical 
contact")  have  been  proposed  in  the  past  to  obtain  low 
reflections,  but  they  do  not  meet  all  of  the  current 
requirements. 
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We  have  found  an  original  solution  which  uses  oblique 
polishing  of  fibre  endfaees  and  a  silicone  based  membrane 
fixed  inside  the  adaptor  (Fig.  1).  The  thickness  of  the 
membrane  in  its  central  region  is  approximately  20  pm. 
The  gap  distance  between  the  two  fibre  endfaees  is 
controled  by  polishing.  The  compression  ratio  of  the 
membrane  is  between  20  and  50  %.  The  ferrule  tip  and  the 
form  of  the  silicone  membrane  are  designed  so  that  when 
compressed  the  membrane  has  ideal  deformations.  The 
endurance  test  of  500  mating  cycles  shows  the 
repeatability  is  better  than  0.1  dB.  Very  small  loss 
variations  (<  0.1  <IB)  have  been  observed  for  a  temperature 
range  from  40°  to  +  85°  C.  No  long  term  degradations 
were  recorded  during  high  temperature  endurance  testing. 


Fig.l  :  Optical  interface 


Very  high  return  loss  (worst  case  00  dB)  and  low 
insertion  loss  (moan  0.25  dB,  max  0.5  dB)  have  been 
obtained.  Only  a  conventional  polishing  process  with  very 
simple  tools  is  needed.  Equipment  for  automating  the  cable 
stripping  and  connector  mounting  has  been  produced 
offering  a  cost  reduction  itt  connector  cabling  of  up  to  80 
%. 

The  singleway  connector  has  a  keyed  push  pull  .system 
with  plastic  housing 

(Fig.  2).  Other  features  of  this  connector  named  "EC"  are  : 

non  interruption  of  the  signal  when  the  cable  is 
pulled  back  or  bent 

modular  design  with  high  density  multi  adaptor 
convenient  for  panel  mounting  of  the  adaptor 
low  cost,  low  reflection  active  device  reci'ptacle 
design 

low  cost,  low  reflection  attenuator  design 


Automation  of  connector  assembly 


The  EC  connector  has  been  designed  such  that  it  can 
easily  be  assembled  in  the  field  and  also  in  a  plant  using 
automated  assembly.  Automation  makes  mounting  of  big 
quantities  of  connectors  very  cost  effective.  Factory 
mounting  also  makes  tight  quality  assurance  possible. 

Automated  mounting  can  of  course  be  used  for  the 
manufacture  of  jumper  cables  and  pigtails.  But  also  drop 
cables  for  the  subscriber  loop  and  cables  used  in  the 
cabling  of  buildings  can  be  pre-connectorize<i  in  the  factory 
using  automated  mounting.  In  these  cases  the  cables  have 
a  connector  on  one  end  and  they  are  spliced  on  the  other 
end. 

The  automation  of  connector  assembly  comprises  the 
automation  of  cable  preparation  (stripping),  the 
automation  of  the  actual  mounting  of  the  connector  on  the 
cable  and  fibre  as  well  as  the  automation  of  the  final 
polishing.  We  have  set  up  a  system,  which  performs 
automated  cable  preparation  and  connector  mounting. 
l)«-iails  of  the  system  and  its  [)erformance  are  described  in 
a  separate  contribution  presented  at  this  symposium  ’. 

.Singlewav  re  enterable  splice 

It  has  been  identifier!  that  a  low  insertion  loss  and 
low  cost  singleway  re  enterable  splice  would  be  neerled  for 
subscriber  network  interconn<*ctions.  espr'cially  at 
Branching  boxes.  At  these  points.  one  needs  a 
•lemoiintable  connection  giving  some  flexibility  of 
installation  and  testing.  but  the  number  of 
maling/unmatings  is  expected  to  be  very  low  (<  20  cyles). 

The  re  enterable  splice  developed  consists  of  two 
plugs  and  one  adaptor  (Fig.  8).  All  the  pieces  are  plastic 
moulderl.  The  adaptor  incorporates  in  its  center  a  rigid 
moulded  V  groove  as  the  alignment  referern^of  the  two 
fibres.  The  coated  fibre  is  fixed  in  the  plug  (T)  Iw  clamps 
(3).  The  plug  has  an  automatic  fibre  protector  and  a 
IMish  [Hill  coupling  mechanism.  The  form  of  the  plug  body 
at  its  front  part  looks  like  a  fork,  allowing  the  two  plugs  to 
!)<•  butted  against  each  other  when  they  are  coupled  to  the 
adaiitor 
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Fig.3  :  Singleway  re-enterable  splice 

The  fibre  with  its  extremity  stripped  is  first  inserted 
into  the  plug  body  and  fixed  by  clamp.  Then  the  fibre  will 
be  cleaved  by  a  simple  tool  to  a  certain  length.  When  the 
two  plugs  are  coupled  to  the  adaptor,  the  bare  fibres  will 
be  automatically  laid  in  the  V-groove  and  butted  against 
each  other.  The  fibres  will  be  slightly  buckled.  A  plastic 
fibre  holding  device  (5)  with  ^eaf  spring  presser  to  be 
lowered  by  a  can  mechanism  (7).  assures  that  the  fibres 
are  pressed  on  the  V-groove  and  the  plugs  are  locked  into 
the  adaptor.  To  minimize  the  reflection,  index-matching  gel 
is  used.  Part  (g)  is  the  reservoir  for  the  gel. 

A  mean  loss  of  0.14  dB  (max.  0.28  dB)  has  been 
obtained  with  identical  fibres.  Return  losses  are  better 
than  40  dB.  This  value  can  be  improved  by  oblique  cleaving 
of  the  fibre  end.  The  performances  are  stable  in 
mechanical  and  climatic  tests. 

Multiway  connector 

The  introduction  of  single  mode  fiber  optic  for 
customer  connexion  starting  with  professional  customers 
and  the  evolution  toward  passive  optical  networks  have 
pushed  cable  manufacturer  to  develop  high  fiber  count 
cables  based  on  elementary  ribbon  of  fibers.  When  such 
cables  have  to  be  connectorized  single  way  connectors  are 
not  suitable  and  multiway  connectors  are  preferred. 

Several  types  of  products  are  already  available  such 
as  silicon  etched  splices  and  MT  Japanese  product.  These 
connectors  are  expensive  and  the  mounting  operation  is 
complicated. 

Within  the  framework  of  the  LOOP  RACE  PROJECT  a 
new  approach  has  been  made  to  develop  a  low  cost 
solution  for  multiway  connector.  To  reach  this  target  the 
effort  has  been  focussed  on  plastic  moulding  process  to 
manufacture  high  precision  pieces. 

A  ve  groove  structure  as  shown  on  figure  4  has  been 
preferred  to  other  possible  shapes  to  limit  the  precision 
requirement  to  a  single  surface  of  the  piece. 

For  such  a  piece  only  symetry  and  reproducibility  of 
the  shape  has  to  be  mastered  within  one  micron. 


Fig.  4 


The  moulding  tools,  the  material  and  the  moulding 
parameters  have  been  optimized  to  produce  pieces  with 
the  adequate  tolerance. 

Fiber  ribbon  are  pressed  and  glued  on  the  mulitway 
modules  (using  room  temperature  glue)  and  then  the  front 
end  of  the  modules  are  polished  manualy  (using  a  specific 
jig  to  guarantee  perpendicularity)  see  fig. 5. 


Fig.  5 


The  first  results  obtained  with  moulded  modules  are 
very  encouraging  : 


International  Wire  &  Cable  Symposium  Proceedings  1991  321 


LOSS  KSAsoRaforr  or  race  loop 
HOLTIVAT  COimECTOR 


ATTDfDATION  dS 


•  intau*  :  0.10  ••  •««n0y«  i  1 . 00  oo  aaof**  IyO*  :  O  .  00  oo 

ooaiauo  i  i .  «0  00  Mvonna  i  0 .  Oa  as  na«opo  a*  •aiau>*a  :  as 

Fiir? 

A  splice  housing  built  around  the  aligment  platform 
has  been  designed.  Taking  into  account  the  low  cost  target 
this  housing  is  made  of  a  self  locking  single  moulded  piece 
that  is  folded  around  the  modules  and  insures  all  the 
mechanical  functions  (see  figure  8), 


Fig.  8 


Fan-out  connector 

Subscriber  lines  are  obtained  by  connecting  high, 
medium  and  low  fiber  count  cables  at  many  points 
between  Central  Offices  and  Subscriber  Premises.  The 
relevant  number  of  interconnecting  points  and  the  use  of  a 
variety  of  different  cable  counts  and  structures  imply  the 
adoption  of  cost  effective  interconnecting  technologies. 

Between  the  different  types  of  interconnecting 
components  an  important  role  will  be  played  by  fan-out 
connectors. 

The  fan-out  connector  is  a  fully  passive  component 
enabling  a  direct  transition  from  multifiber  units  on  one 
side  to  individual  fibers  on  the  other  side.  This  transition 
is  obtained  using  multifiber  connectors  or  splices  on  one 
side  of  the  component  and  individual  connectors  on  the 
other  side. 

The  advantage  of  fan-out  connectors  is  that  they  offer 
better  handling,  lower  cost  of  component  parts  and  lower 
mounting  time  per  fiber  than  other  solutions.  Therefore 
these  components  are  particularly  useful  to  provide  quick 
and  reliable  mass  fiber  termination  of  high  and  medium 


fiber  count  cables.  If  it  is  required  a  network  flexibility  at 
individual  fiber  level  (any  individual  feeder  fiber  can  be 
cross-connected  to  any  secondary  distribution  fiber)  fan¬ 
out  terminations  have  to  be  preferred. 

Different  possible  configurations  of  fan-outs  were 
studied  within  the  project,  considering  the  usefulness  of 
having  pig  tails  on  both  ends  of  the  component  versus  a 
more  compact  shape  and  a  smaller  size.  The  most 
promising  solution  was  considered  the  compact  one  (see 
figure  ...)  taking  also  into  account  the  number  of  different 
possible  choices  on  the  multi-fiber  side  (connector,  re¬ 
enterable  mechanical  splice,  fusion  splice). 

Performances  of  fan-outs  are  usually  similar  or  slightly 
worse  than  fusion  technique.  The  results  obtained  are  in 
the  area  of  0,5  dB  as  typical  insertion  ioss  and  35  dB  as 
typical  return  loss. 

The  performance  drawback  is  highly  compensated  by 
tne  time  saving  allowed  by  fan-out  connector  terminations. 
Fan-out  connectors  can  be  fitted  to  interface  cable  fibers 
to  the  equipment  any  time  there  are  requirements  for 
further  subscriber  activations.  This  can  be  done  with  very 
simple  tooling  and  with  no  active  control  of  performance. 
Mass  splice  or  multifiber  connector  which  lie  on  the 
multifiber  side  of  the  fan-out  shall  both  be  factory  and 
field  installable.  Factory  installation  has  to  be  preferred, 
whenever  possible,  for  lower  cost  and  better  performance. 
Nevertheless  field  assembly  is  a  mandatory  requirements 
as  it  is  not  possible  to  factory  pre-terminate  all  cable 
lengths  (uncertainties  on  exact  cable  route  length  is  the 
main  limiting  factor). 

The  result  of  a  field  trial  has  given  a  gain  of  20%  in 
installation-time  saving  using  the  fan-out  technique  with 
the  drawback  of  a  higher  cost  because  of  the  higher 
number  of  components.  This  will  anyway  lead  to  an 
economic  advantage  due  to  the  higher  cost  of  man-power 
versus  the  components. 

As  a  conclusion,  fan-out  connectors  appear  to  be 
strategic  products  which  have  a  number  of  potential 
applications.  Their  use  will  contribute  to  enhance  both 
flexibility  and  reliability  and  they  will  play  an  important 
role  in  the  future  subscriber  network. 


Fi^.9 
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Branching  devices 


A  novel  technique  aimed  at  fabricating  large  port 
count  (64-way)  wavelength  independent  branching  devices 
has  been  developed  and  19-way  components  have  been 
demonstrated.  The  component  is  based  on  a  radiative 
coupling  mechanism  and  consists  of  co-axial,  polished 
arrays  of  close  packed,  tapered  single  mode  fibre  as  shown 
in  figure  10. 


Fig.  10:  General  Arrangement  of  19  x  19  tapered  fibre 
bundles 


Using  a  Gaussian  field  approximation  to  the 
fundamental  mode,  a  model  has  been  derived  which 
analyses  the  radiative  coupling  between  individuai  fibres 
in  the  two  arrays  Using  this  model,  it  is  possible  to 
optimise  the  geometry  to  minimise  the  worst  case 
insertion  loss  at  a  given  wavelength  by  ensuring  that  each 
tapered  fibre  is  focused  towards  the  centre  of  the 
opposing  array. 

To  increase  the  packaging  fraction  of  the  fibre 
bundle,  and  therefore  reduce  the  loss  and  uniformity  of 
the  device,  an  externally  clad  single  mode  fibre  designed 
and  produced  at  BNR  Europe  is  used.  This  allows  the 
fibre  to  be  tapered  down  further  than  conventional  fibre, 
whilst  maintaining  the  same  spot  size. 

To  fabricate  the  19-way  components,  19  fibres  are 
prepared  and  twisted  into  a  close  packed  configuration, 
and  then  tapered  and  lightly  fused  in  a  single  operation. 
The  tapered  fibre  bundle  is  then  encapsulated  prior  to 
being  sawn,  lapped  and  polished.  This  technique  for 
producing  the  tapered  fibre  bundles  can  be  extended  to 
devices  with  higher  port  count,  with  only  relatively  minor 
modifications  to  current  jigging.  The  components  for  the 
branching  device  are  then  bonded  into  a  silica  v-groove 
and  the  complete  assembly  packaged  in  a  dural  box. 

Reflection  suppression  using  angled  ends  and 
adhesive  bonded  facet  windows  reduce  directivity  and 
return  loss  to  <  -60  dB. 

For  the  19  x  19  device,  worst  case  loss  over  300  nm 
was  only  25.0  dB  with  a  uniformity  of  6  dB.  The  spectral 
response  of  a  single  port-port  combination  is  shown  in 
figure  11 .  The  variation  over  300  nm  is  <  1  dB. 
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Fig.  11:  Spectral  Response 


For  a  1  X  19  device,  the  worst  case  loss  over  300 
nm  was  20.5  dB  with  a  uniformity  of  4.5  dB.  Both 
devices  are  polarisation  insensitive  (<  0.1  dB). 

Further  work  is  now  being  carried  out  to 
implement  the  radiative  coupling  technique  in  Silica-on- 
Silicon  planar  technology.  These  devices  will  be  aimed  at 
medium  port  count  applications  20)  w'here  they  are 
more  efficient  than  the  fibre  version.  This  is  because 
integrated  optics  waveguides  can  have  a  much  smaller 
core/cladding  ratio  (increasing  the  packing  fraction)  than 
even  tapered  fibres  and  radiative  coupling  in  two  rather 
than  three  dimensions  is  less  lossy. 

Conclusion 

In  this  paper  have  been  presented  a  range  of  components 
able  to  comply  with  every  foreseen  evolution  of  an  optical 
network,  because  all  of  them  ; 

-  are  wavelength  independent  (including  the  branching 
devices),  so  they  will  be  transparent  to  the  likely 
evolutions  of  transmission  systems  in  the  network. 

-  show  low  reflection  and  allow  therefore  bi¬ 
directional  communications  and  the  use  of  fibre  amplifiers 
or  DFB  lasers  without  isolators  loss  and  cost  penalties, 

-  are  cost  effective  and  therefore  reinforce  the 
competitiveness  of  opticai  networks  in  the  subscriber  loop. 

This  work  carried  out  in  direction  of  performance 
improvement  and  cost  reduction  should  enable  an  earlier 
lay-out  of  evolutive  and  economically  viable  optical 
networks. 
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The  Use  of  Superabsorbent  Materials 
in  Optical  Fiber  Cable  Design 
C.  John  Arroyo,  Jim  J.  Sheu,  and  W.  J.  Paucke 
AT&T  Bell  Laboratories  and  Network  Cable  Systems 
Norcross,  Georgia  30071 


The  present  global  demand  for  optical  fiber  cables  has 
required  a  reevaluation  of  present  cable  designs  to 
insure  quality  in  every  aspect  of  cable  design  and 
manufacturing.  In  order  to  provide  quality  water¬ 
blocking  capabilities  in  optical  fiber  cable  sheaths,  an 
investigation  was  initiated  to  study  the  prevention  of 
water  ingress  and  migration  in  cable  sheaths.  Tests 
were  designed  an:!  or  modified  to  study  the  movement 
of  water  under  pressure  at  different  sheath  interfaces. 
Superabsorbent  materials  in  three  different 
configurations  were  found  to  outperform  other 
materials.  As  a  result  of  this  development, 
superabsorbents  have  been  incorporated  into  all  optical 
fiber  outside  plant  cable  sheaths,  with  consistent 
reliable  performance. 


INTRODUCTION 

With  the  global  increase  in  optical  fiber  cable  demand, 
customers  are  requiring  greater  performance  reliability, 
and  zero  maintenance  at  lower  costs.  The  technology 
of  preventing  the  ingress  and  migration  of  water  inside 
cables  has  progressed  from  gas-pressurized  systems  to 
filling  and  flooding  compounds.  Gas-pressurized 
systems  have  difficulty  providing  long  term  reliability 
and  the  maintenance  costs  are  prohibitive.  Flooding 
compounds  require  the  use  of  an  organic  solvent  at 
termination.  Another  commonly  used  material  is  a 
’sticky’  atactic  noncrystaUine  polypropylene  flooding 
material.  These  flooding  compounds  are  difficult  to 
apply  during  cable  manufacturing  and  are  not  craft- 
friendly  during  termination  in  the  field. 

An  alternative  and  more  efficient  water-blocking 
provision  has  been  accomplished  by  use  of 
’superabsorbents’.  Developed  in  1966  by  the  United 
States  Department  of  Agriculture,  and  appropriately 
called  ’Super  Slurper’,  superabsorbents  have  been 
extensively  used  in  the  incontinent  market.^"  In  1975, 
superabsorbent  laminated  tapes  were  first  offered  in 
Europe  for  the  cable  industry,  and  in  1977,  a 


superabsorbent  powder  in  loose  form  was  first 
introduced  into  a  copper  cable  design.  Since  then  all 
major  cable  manufacturing  companies  have 
experimented  and  or  introduced  superabsorbents  in 
various  forms  into  their  cable  designs.  This  paper  will 
discuss  the  chemistry  and  application  of 
superabsorbents  in  fiber  optic  cables. 

SUPERABSORBENT  POLYMERS 

The  significance  of  providing  water-blocking  protection 
in  cables  is  to  eliminate  the  possibility  of  water  entering 
the  splice  closure.  In  freezing  environments,  such  an 
occurrence  could  induce  microbending  in  optical  fibers, 
resulting  in  fiber  degradation  or  increased  loss.  One  of 
the  first  documented  uses  of  the  term  "superabsorbent" 
was  by  R.  E.  Erickson  of  Dow  Chemical  in  1980.^^*  A 
superabsorbent  is  a  dry  material  which  rapidly  absorbs 
about  1000  times  its  own  weight  in  dist^cd  water  to 
form  a  gel  with  a  corresponding  volume  increase.^ 
While  undergoing  these  changes,  the  material  retains  its 
original  identity.  This  means  that  the  basic  chemical 
structure  of  the  superabsorbent  is  not  changed. 
Recently,  J.  R.  Gross  of  Kimberly-Qark  Corp.t^^ 
suggested  a  term  "XerogcllanL"  The  prefix  "xero" 
means  a  dry  material  while  gellant,  contraction  of 
gelling  agent,  describes  the  behavior  of  the  material. 
The  new  term,  although  applicable  to  the  incontinent 
market,  is  not  general  enough  to  cover  materials 
produced  in  wet  form,  such  as  many  water  soluble 
polymers  which  can  be  crosslinked  to  produce 
superabsorbent  polymers  (Figure  1).  For  the  cable 
industry,  superabsorbent  polymer  (SAP)  seems  to  be  a 
more  popular  term. 

The  mechanism  by  which  SAP  absorbs  and  retains 
water  can  be  described  in  two  ways,  physical  and 
chemical.  On  the  physical  level,  aqueous  fluid  wets  the 
surface  of  SAP  and  is  physically  distributed  into  and 
throughout  the  network  (or  matrix)  of  SAP.  Since  the 
aqueous  fluid  is  moving  in  columns  of  continuous  fluid, 
the  physical  absorption  of  SAP  depends  upon  factors 
such  as  pore  size,  specific  gravity,  viscosity,  surface 
tension  and  contact  angle.  The  last  two  factors  actually 
affect  the  wettability  of  SAP. 
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Crosslinked  Superabsorbent  Polymers 
Figure  1 


The  other  type  of  absorbency  is  chemical,  which  occurs 
on  the  molecular  level.  The  aqueous  fluid  interacts 
with  the  polymer  chains  via  solvation  and  hydrogen 
bonding.  Since  energy  associated  with  this  process  is 
relatively  high,  the  aqueous  fluid  has  been  described  as 
"bond"  water.  The  bulk  of  fluid  chemically  bonded  to 
SAP  does  freeze  with  some  difficulty  but  does  not 
easily  escape  out  of  the  network  (matrix)  of  SAP. 

The  SAP  at  this  stage  look  like  gels,  and  are  generally 
described  as  "hydrogels."  Factors  such  as  hydrogen 
bonding,  hydration  (solvation),  diffusion,  porosity  of 
network,  electrostatic  attraction  and  repulsion  affect  the 
chemical  absorption  of  SAP.  Overall,  if  the  matrix 
(network)  of  SAP  is  considered  as  a  separated  entity 
from  the  surrounding  aqueous  fluid,  a  pressure  gradient 
can  exist  between  the  two  entities.  Physically,  such  a 
pressure  gradient  is  in  effect  an  osmotic  pressure 
gradient.  This  is  why  people  attribute  the  absorbency 
of  SAP  to  osmotic  pressure. 

Whether  the  SAP  absorb  aqueous  fluid  via  a  chemical 
an/or  physical  process,  the  most  important  driving  force 
for  these  processes  appears  to  be  the  high  energy 
hydrogen  bonding.  In  water,  the  energy  for  hydrogen 
bonding  has  been  found  to  be  about  5  k  cal/mole 
(Figure  2).  This  energy  is  very  significant  considering 
the  very  strong  covalent  bond  energy  of  50-100  k  cal 
for  the  O-H  bond  in  water.  Futhermore,  there  are 
numerous  hydrogen  bonds  among  the  superabsorbent 
molecule  and  water  molecules. 


Figure  2 

HYDROGEN  BONDING  (H-BONDING) 


A  Hydrogen  Atom  Serves  as  a  Bridge  between 
Two  Electronegative  Atoms,  Holding  One  by  a 
Covalent  Bond  and  the  Other  by  Purely 
Electrostatic  Forces 


50-100  kcal/mole 
5  kcal/mole 


105* 

•  Special  kind  of  Dipole-Dipole  Attraction 


Hydrogen  Bonding  of  Polyacrylamide 
Figure  3 

SAP  generally  are  made  in  several  ways  as  in 
crosslinked  polyacrylates.  Crosslinking  controls  the 
nature  of  network  of  SAP  and  makes  the  polymer 
insoluble  in  water.  Chemically,  the  major  functional 
groups  in  polyacrylates  are  carboxylates.  The 
carboxylates  group  will  absorb  water  through  hydrogen 
bonding.  Other  types  of  functional  groups  such  as 
amides  can  also  have  hydrogen  bonding  with  water. 
Using  water  soluble  polymer,  polyacrylamide,  as  an 
example  (Figure  3)  the  polyacrylamide  polymer  chains 
once  dissolved  in  water  will  have  two  types  of 
hydrogen  bonding,  intra  and  intermolecular.  The 
intramolecular  hydrogen  bonding  tends  to  pull  the 
individual  molecular  chain  together,  thus  the  individual 
polymer  chain  becomes  folded  and  curled.  The 
molecular  volume  of  such  polymer  in  water  is  small. 
The  volume  which  the  polymer  chains  occupy  in 
aqueous  solution,  is  called  the  hydrodynamic  volume. 
The  smaller  the  hydrodynamic  volume,  the  closer  the 
viscosity  of  polymer  solution  approaches  that  of  water. 
In  other  words,  the  polymer’s  influence  on  the  water  is 
small  if  the  hydrodynamic  volume  of  that  polymer  is 
small.  In  the  case  of  polyacrylamide,  the 
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intermolecular  hydrogen  bonding  also  pulls  the 
polymer  chains  together.  Interestingly,  polymer  chains 
not  only  curl  or  coil  by  themselves,  they  also  bundle 
together.  The  effective  hydrodynamic  volume  of 
polyacrylamide  is  thetefore  low  resulting  in  low 
viscosity.  If  the  amide  groups  in  polyacrylamide  werw 
hydrolyzed  to  carboxylate  groups  (i.e.,  the  same 
functional  groups  in  polyacrylates,  or  SAP),  shown  in 
Figure  4,  intermolecular  as  well  as  intramolecular 
charge  repulsion  exist  between  polymer  chains.  These 
repulsions  extend  the  hydrodynamic  volume  of 
polyacrylates  and  result  in  a  much  higher  viscosity.  In 
fact,  some  low  molecular  weight  polyactylates  are  used 
as  thickeners  due  to  this  phenomenon.  Carboxylates 
also  have  higher  ability  than  amides  in  polyacrylamides 
to  form  hydrogen  bonding  with  water  molecules. 
Having  numerous  hydrogen  bonding  with  water 
molecules,  SAP  absorbs  and  retains  water  into  its 
matrix. 


OUliCt 


NON-KIWZH). 

\sjmst  Hmoaonuuic  vtute 


Volume  or  Size  of  a  Non-Hydrolyzed 
Polyacrylamide  Molecule  vs.  That  of  a 
Partially  Hydrolyzed  Polyacrylamide 
Figure  4 

At  macroscopic  level,  the  net  result  is  an  osmotic 
phenomenon.  As  shown  in  Figure  5,  just  as  a  reminder, 
sugar  solution  inside  the  collodion  bag  has  higher 
solute  concentration  than  that  of  the  pure  water  outside 
the  bag.  The  concentration  gradient  results  in  osmotic 
pressure  gradient  which  drives  water  into  the  collodion 
bag.  The  sugar  solution  and  collodion  bag  can  be 
considered  as  the  matrix  of  a  SAP;-  Since  SAP  has 
many  funcdonal  groups  such  as  carboxylates 
(electrolytes)  dissolved  in  water,  the  concentration  of 
these  groups  is  higher  inside  the  SAP  matrix.  The 
concentration  gradient  results  in  osmotic  pressure 
gradient.  The  osmotic  pressure  gradient  between  the 
network  of  SAP  and  surrounding  aqueous  fluid 
therefore,  drives  the  water  into  the  network  of  SAP. 

The  way  the  network  of  SAP  is  constructed  has  a  great 
impact  on  the  absorbency  of  SAP.  The  network  of  SAP 
is  generally  built  via  crosslinking  of  polymer  chains. 


Sugar 

+ 

VWater/ 


Collodion  Bag 


Pure  Water 


FIGURE  5.  OSMOTIC  PRESSURE 

The  amount  of  crosslinking  is  important  and  must  be 
maintained  at  an  optimum  level  depending  on  the 
application,  such  as  the  rate  of  absorption  and  total 
amount  of  water  absorbed,  for  example.  The 
crosslinking  determines  the  space  in  the  network  of 
SAP,  thus  the  total  volume  of  SAP,  which  in  turn 
influences  the  concentration  of  functional  groups  in  the 
network.  As  mentioned  before,  concentration  gradient 
affects  the  osmotic  pressure  gradient  and  thus  the 
absorbency  of  SAP. 

MATERIAL  CONSTRUCTION 

When  incorporating  SAPs’  into  a  cable  design  one  must 
consider  the  abiUty  of  the  SAP  to  quickly  swell  into  a 
gel  consistency  and  longinidinally  block  water  paths 
along  different  sheath  interfaces  or  within  difficult  to 
reach  interstices.  The  ability  of  the  formed  gel  to 
reactivate  after  drying  is  also  critical.  Three 
constructions  were  investigated;  laminates  that  contain 
the  SAP  between  two  layers  of  nonwoven  materials; 
coated  SAP  onto  spunbonded  nonwovens  ard  onto 
synthetic  aramid  fibers;  and  SAP  fibers  which  are  made 
into  yams. 

CABLE  CONSTRUCTION 

The  intoiporation  of  superabsorbents  in  optical  fiber 
cables  can  best  be  explained  by  actual  cable  design. 
Figure  6  presents  both  a  metallic  and  dielectric 
Lightguide  Express  Entry  (LXE)  optical  fiber  cables. 
In  both  designs,  laminated  SAP  tapes  are  longitudinally 
applied  in  the  sheath  interface.  In  the  metallic  version 
the  laminated  SAP  tape  is  located  between  the  core  tube 
and  the  comigated  armor,  and  an  additional  helically 
wrapped  SAP  laminated  tape  is  introdneed  as  insurance 
against  the  possibility  of  water  migration  along  the 
metallic  wires  and  the  comigated  armor  interface.  In 
the  dielectric  version,  the  laminated  SAP  tape  is  located 
between  the  inner  core  tube  and  the  outer  jacket.  These 
tapes  prevent  water  migration  within  the  cable  in  the 
event  of  a  breach  in  the  jacket  due  to  rodents,  lightning 
or  accidental  mechanical  damage. 
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LXE-ME  (Metallic)  Sheath 


LXE-DE  (Dielectric)  Sheath 
Figure  6 


Figure  7  presents  another  SAP  application  in  the  form 
of  a  swellable  yam.  The  Primary  Rodent  Lightning 
(P-RL)  optical  fiber  cable  design  incorporates  a 
longitudinal  laminated  SAP  tape  between  the  inner  core 
mbe  and  the  corrugated  metal  interface.  It  also  contains 
a  swellable  superabsorbent  yam  helically  applied 
between  the  corrugated  armor  and  the  sttengti. 
members,  to  prevent  the  possibility  of  water  migration 
along  this  interface. 


Primary  Rodent-Lightning  Sheath 
Figure  7 


Figure  8,  presents  another  SAP  application.  In  this 
Metallic  Crossply  optical  fiber  sheath  design,  it  was 
important  that  the  cable  outside  diameter  not  be 
increased  with  the  introduction  of  the  SAP  tape. 
Therefore,  the  nonwoven  spunbonded  polyester  tape 
originally  used  was  impregnafed  with  a  SAP  coating 
that  impregnated  the  spunbonded  matrix  with  only  a 
one  mil  increase  in  the  tape  thickness.  Since  the  tape 
remained  compressible,  there  was  no  increase  in  the 
cables’  outside  diameter. 

The  scope  of  this  paper  does  not  allow  for  all  the  varied 
cable  applications  in  both  optical  fiber  and  copper 
cables  that  have  been  successfully  designed,  and  ^at 
are  presently  conomercially  available.  However,  the 
SAP  material  selection  is  vitally  important  and  will 
next  be  discussed. 


Crossply  Sheath 
Figure  8 

MATERIAL  SELECTION 

The  current  commercial  state-of-the-art  SAP  tests 
evaluate  the  material’s  absorbency  or  ability  to  absorb 
water,  and  arc  applicable  for  the  incontinent  market. 
For  the  cable  industry  a  more  straightforward  approach 
is  to  measure  a  material’s  swellability  in  terms  of  swell 
height,  rate-of-rise  and  gel  retention. 

The  Lantor  BV,  Cup-Ram  swellability  test  was 
modified  to  measure  the  effects  of  radial  swelling.  This 
test  as  seen  in  Figure  9,  measur;es  a  material’s 
swellability  by  monitoring  the  free  vertical  movement 
of  a  ram,  as  water  is  added  to  the  cup.  Figure  10  shows 
the  swell  displacement  height  in  centimeters  vs  time  in 
seconds  for  superabsorbent  tapes.  This  test  provides 
information  on  effects  of  different  water  types  i.e., 
distilled-brackish-sea  water,  SAP  loading  and 
chemistry,  carrier  porosity-thickness-adhesion,  as  well 
as  the  effects  of  wetting  agents  and  physical  tape 
construction. 

Figure  10  demonstrates  the  above  effects  using  four 
similar  SAP  laminated  tapes  (A  to  D)  from  different 
manufacturers,  as  well  as  a  SAP  nonwoven  fiber  tape  E 
and  a  SAP  coated  nonwoven  tape  F.  The  swellability 
of  tape  laminates  A  through  D  can  be  explained  as  one 
analyzes  the  individual  components  and  tape  structures. 
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Swell  Displacement  neiQM  (cmi 


Figure  9 


Cup-Ham  Swellability  lest  Results 
Figure  10 


The  swellability  of  the  nonwoven  fiber  tape  E  depends 
on  the  amount  of  layered  swellable  fibers  per  unit  area. 
The  swellability  of  the  nonwoven  tape  F  depends  upon 
the  amount  of  solids  in  the  coating  applied  to  the 
spunbonded  nonwoven  material.  Although  the  swelling 
of  the  last  two  materials  is  not  as  impressive,  swelling 
does  occur  within  their  matrix,  and  both  have 
demonstrated  exceptional  gel  retention. 

Tliese  materials  were  also  evaluated  in  a  Hydraulic 
Pressure  test.  This  test,  while  affected  by  the  above 
characteristics,  also  measures  the  effects  of  a  laminates’ 
rate-of-rise  and  gel  retention.  While  the  product 
literature  is  full  of  different  hydraulic  pressure  tests,  the 
interpretation  of  results  differs.  It  is  therefore  important 
to  correlate  the  results  to  actual  cable  performance  by 
dissecting  the  cable  tested. 


Table  I  shows  the  effects  of  tape  thickness.  The  gap 
simulates  the  radial  expansion  within  which  the 
material  is  allowed  to  expand  inside  the  cable,  the 
travel  represents  the  longitudinal  migration  due  to  a  set 
pressure  at  the  selected  time  in  days  and  is  a  measure  of 
gel  retention.  It  should  be  noted  that  the  travel  length 
in  Table  I  represents  the  maximum  travel  after  one  day, 
although  the  test  was  continued  for  a  five  day  period. 


TARI.F.  1 

HYDRAULIC  PRESSURE  TEST  RESULTS 

Tcsi  Length-  30.5  cm 
Water  Pressure-  1.0  meter 

Matenal 

Thickness 

(cm) 

Gap 

(cm) 

Swell 

% 

Travel  (ti  5  Days  i 
(cmi 

Laminated  tape  A 

.036 

.102 

283 

10,6  i 

Laminated  tape  B 

0.25 

.102 

408 

14,S  i 

Laminated  tape  C 

.025 

.076 

304 

13.0 

Laminated  tape  D 

.033 

.102 

309 

26.0  1 

Nonwoven  Fiber  tape  E 

.071 

.254 

358 

20,6 

Coated  Nonwoven  tape  F 

.020 

.064 

320 

13.5  i 

#7  cc  Swellable  Yam 

759  Denier 

.064 

15.9  i 

#1.67  cc  Swellable  Yam 

3183  Denier 

.127 

149  ! 

#-67  cc  Swellable  Yam 

7933  Denier 

.254 

16.8  1 

Coated  Aramid  Yam 

2130  Denier 

.064 

14.8  1 

Aramid/Swellable  Fiber  Yam  2130  Denier/ 
3183  Denier 

.216 

17.5  1 

Coated  Glass  Roving 

.102 

.140 

137 

24.8  1 

cc  =  cotton  count 


Comparing  the  matrix  of  the  first  four  laminated  tapes, 
the  designer  can  make  cenain  comparisons  that  would 
assist  in  material  selection,  i)  Comparing  tapes  A  &  B, 
if  the  travel  distance  is  deemed  comparable,  then  tape  B 
would  be  preferred  because  it  is  thinner,  and  has  a 
higher  percent  (408%  vs  283%)  swell,  ii)  Comparing 
tapes  B  &  C,  if  the  travel  length  is  deemed  comparable, 
then  tape  B  would  be  preferred  since  it  has  a  higher 
percent  swell,  iii)  Tape  D  is  considered  the  worst 
performer  on  the  basis  of  it’s  longer  water  migration 
(26  cm.),  even  though  its’  309%  swell  is  comparable  to 
tapes  A  and  C. 

Tapes  E  and  F  are  not  latninates;  E  is  a  nonwoven  SAP 
fiber  tape,  whip  F  is  an  SAP  coated  spunbonded 
nonwoven  tape.  Both  tapes  perform  well  considering 
their  thicknesses  and  gap  constraints.  It  should  be 
noted  that  compared  to  the  results  in  figure  10.  these 
two  materials  show  better  performance  than  anticipated. 
This  underscores  the  value  of  understanding  test  results 
and  their  relevance  to  the  application  under 
investigation. 

The  SAP  swellable  yams  were  evaluated  in  three 
different  sizes  and  in  combination  with  an  aramid  fiber 
for  added  strength.  Also,  SAP  coated  aramid  and  glass 
rovings  were  evaluated,  and  although  having  lower 
percentage  swell,  they  had  comparable  gel  retention  to 
SAP  tapes. 

It  should  be  noted  that  changes  in  SAP  loading,  type 
chemistry,  gap  size,  water  pressure  and  duration  will 
change  these  results.  However,  these  results  are 
indicative  of  the  expected  performance  in  actual  cable 
designs. 
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IMPACT 

Presently,  all  of  our  outside  plant  optical  fiber  cables 
have  one  or  two  types  of  SAP  waterblocking  materials, 
with  maintenance  free  performance  over  the  last  five 
years.  These  materials  are  also  making  inroads  into 
copper  outside  plant  products.  Also,  additional 
applications  are  being  discovered  for  SAPs  such  as  in 
foams  and  compounding  into  elastomers.  They’ve  even 
been  compounded  into  filling  compound  for  added 
performance.  It  is  clear  that  superabsorbents  present  a 
whole  new  generation  of  materials  in  providing 
maintenance  free  water  blocking  provisions  in  cable 
design.  What  is  needed  is  a  set  of  industry  standards  to 
assist  cable  designers  in  selecting  and  implementing 
these  superabsorbent  materials. 

CONCLUSIONS 

The  use  of  superabsorbents  present  a  radical  departure 
from  the  traditional  means  of  providing  water  blocking 
in  cable  design.  An  attempt  at  explaining  the  physical 
and  chemical  mechanisms  of  SAPs  has  been  presented. 
Also  bench-type  tests  to  evaluate  material  performance 
have  been  outlined.  Additionally,  since  SAP  materials 
are  compatible  with  all  other  cable  processing 
materials,  the  ease  of  manufacturing  presents  yet 
another  attribute  not  discussed  in  this  paper.  Tests  have 
been  developed  to  evaluate  the  performance  of  these 
materials  and  cables  dissected  to  ascertain  correlation 
with  these  results.  As  a  result,  all  of  our  outside  plant 
optical  fiber  cables,  over  the  last  five  years  have  been 
designed  with  one  or  two  types  of  superabsorbent 
materials. 
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ABSTRACT 

Water  swellable  materials  composed  of 
water  absorbent  polymers  are  widely  used 
in  trunk  and  subscriber  networks  in  Japan. 
A  plastic  sheath  protects  the  cable  core 
from  outer  forces  and  environmental  ef¬ 
fects  in  and  after  installation. 

A  one-hundred-fiber  optical  cable  and 
a  one-thousand-fiber  optical  cable  were 
subject  to  the  several  examinations,  such 
as  mechanical,  environmental  tests. 
Especially,  aqueous  vapor  permeation 
through  the  plastic  sheath  into  the  cable 
was  investigated. 

It  was  clarified  that  the  aqueous 
vapor  permeation  into  the  cable  depends  on 
the  temperature  and  water  absorbent  poly¬ 
mer  in  the  cable.  However,  the  aqueous 
vapor  permeated  can  scarcely  affect  the 
transmission  characteristics  and  fiber 
strength. 

1. Introduction 


However,  the  laminated  aluminum  sheath  has 
changed  to  polyethylene  sheath®. 

In  designing  the  optical  cable,  it  is 
important  to  prevent  the  cable  from  water 
penetration,  because  water  degrades  the 
optical  fiber  strength  and  increases  the 
transmission  loss  due  to  hydrogen  generat¬ 
ed  by  the  chemical  reaction  between  water 
and  metallic  materials.  So,  optical 
cables  are  protected  by  two  methods  from 
water  penetration.  One  is  to  use  the  gas 
pressurized  system  and  the  other  is  to  use 
the  water  blocking  compound  like  jelly  or 
water  swellable  materials.  When  water 
swellable  materials  are  applied  to  plas¬ 
tic  sheath  cable  as  the  water  blocking 
materials,  aqueous  vapor  penetration 
should  be  checked  because  the  aqueous 
vapor  also  plays  the  same  role  as  water. 


2. Water  swellable  materials. 

(1)  Structures  water  swellable  materi¬ 
als . 


Optical  fiber  networks  are  being 
constructed  widely  in  the  world  and  play 
very  important  role  as  an  infrastructure 
of  the  society  to  realize  the  high  speed 
digital  transmission.  Accompanied  by  it, 
many  structures  of  optical  cables  that 
accommodate  the  climates  and  social  condi¬ 
tions  are  developed.  Among  them,  slot¬ 
ted  core  structure  and  loose  tube  struc¬ 
ture  using  mono  fibers  or  fiber  ribbons 
are  very  popular  because  of  their  capabil¬ 
ity  of  highly  dense  fiber  packaging  and 
easiness  of  cable  connection  and  their 
superior  transmission  characteristics^'^. 

In  Japan,  nonmetallic  water  proof 
cable  has  been  introduced  to  the  trunk 
line,  because  it  can  protect  workers  from 
the  trouble  due  to  e lect r on -magnet i c 
induction®''*.  In  the  subscriber  net¬ 
work,  one-thousand-fiber  water  proof  cable 
has  been  adopted  in  metropolitan  area®. 
These  cables  have  one  or  several  slotted 
rods  and  water  swellable  tapes  and  :-arns 
as  core  wrappings  and  fillings.  One- 
thousand-  f  i  be  r  water  proof  cable  was 
originally  a  metallic  cable  that  has  a 
laminated  aluminum  polyethylene  sheath  and 
a  steel  central  strength  member®'  . 


As  water  blocki.ng  materials,  water 
swellable  tape  and  yarn  were  developed. 

They  consist  of  unwoven  tape,  yarn,  ab¬ 
sorbent  polymer  and  adhesive.  Absorbent 
polymer  is  attached  by  adhesive  on  the 
base  unwoven  tape  or  plastic  yarn.  Fig.l 
shows  the  structures  of  water  swellable 
tape . 


Water  Absorbent 
Polymer 

Adhesive 

Unwoven 

Tape 


Fig.1  Cross  Section  of 

Water  Swellable  Tape. 
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When  water  penetrates  into  the  cable, 
water  absorbent  polymer  expands  its  volume 
more  than  one  hundred  times  as  large  as 
that  of  its  original  volume.  Then,  ab¬ 
sorbent  polymer  is  released  from  the  base 
tape  and  fills  the  vacancy  in  the  cable. 

(2)Mechani5m  ol.  wat.ei:  absorption. 

There  are  two  mechanisms  of  water  ab¬ 
sorption.  One  is  the  aqueous  vapor 

absorption  and  the  other  is  water  absorp¬ 
tion.  These  two  mechanisms  are  de¬ 

scribed  as  follows®; 

In  the  case  of  aqueous  vapor  absorption: 

In (p/pg) =ln (1-v)  +  (1-1/n) +Xv^ - (1) 

In  the  case  of  water  absorption: 

(1/v) 

=  [  (i/2v  s°-^)2+{1/2-Z)/v^]/  (n  /V  ) 

—  (2) 

Where : 

p  =  Aqueous  vapor  pressure. 

Pq  =  Aqueous  vapor  pressure  at  standard 
condition . 

V  =  Volume  fraction  of  absorbent  polymer, 
n  =  Segment  number. 

X  =  Interaction  parameter  that  expresses 
the  affinity  between  the  absorbent  polymer 
and  aqueous  vapor. 


Passed  Days 


Fig.2  Humidity  Dependence  of  Aquas  Vapor 
Absorption. 

Fig. 3  shows  the  temperature  dependence  of 
saturated  aqueous  vapor  absorption. 
With  the  increase  of  temperature,  the 
aqueous  vapor  absorption  becomes  large  be¬ 
cause  the  absolute  humidity  is  large  in 
high  temperature. 


i  =  Product  of  degree  of  ionization  and 
ionic  charge  number. 

Vy  =  Molar  volume  of  structural  unit, 
s  =  ionic  strength  of  water. 

=  Molar  volume  of  water, 
n^  =  Effective  chain  number  of  net  in 
absorbent  polymer. 

V  .  =  Volume  of  absorbent  polymer  before 
water  absorption. 

From  equation  (1),  it  is  recognized 
that  the  aqueous  vapor  absorption  will  be 
dominated  by  the  relative  vapor  pressure 
and  interaction  parameter.  Temperature 
dependence  is  included  in  relative  vapor 
pressure . 

On  the  other  hand,  equation  (2)  shows 
that  the  water  absorption  depends  upon 
the  degree  of  ionization,  ionic  strength 
and  degree  of  crosslink  but  has  no  depend¬ 
ence  on  temperature.  The  large  water 
absorption  of  absorbent  polymer  is  ex¬ 
plained  by  the  first  term  of  equation  (2)  . 

(  3  I Expe r iment  a  I  res u 1 t s  o f  wa  ter  absorp¬ 
tion  absorbent  polymer . 

Fig.2  shows  the  relation  between  the 
aqueous  vapor  absorption  and  the  relative 
humidity.  Aqueous  vapor  absorption 
increases  as  the  relative  humidity. 
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Fig.3  Temperature  Dependence  of 

Satureted  Aqueous  Vapor  Absorption. 


In  Fig. 4-6,  the  relations  between 
water  absorption  and  temperature,  pH  ana 
concentration  of  salts  are  shown. 
Temperature  and  pH  dependence  of  water 
absorption  are  scarcely  observed  but  the 
salts  in  aqueous  solution  degrade  the 
water  absorption  extremely. 


334  International  Wire  &  Cable  Symposium  Proceedings  1991 


Fig.4  Temperature  dependrnce  of  Water 
Swelling  Ability. 


300 


Fig.5 


pH 

pH  dependence  of  Water 
Swelling  Property. 


Thus,  the  amount  ot  aqueous  vapor  ab¬ 
sorption  is  the  order  of  water  absorbent 
polymer  weight,  but  the  amount  of  water 
absorption  is  more  than  hundred  times  as 
large  as  that  of  aqueous  vapor. 


3.Water  permeation  into  the  cable. 

(1) Theoretical  discussion . 

Water  penetration  into  the  cable  is 
the  diffusion  of  water  through  the  sheath 
and  dominated  by  the  permeability  of 
water  through  the  polyethylene  sheath. 

Water  can  diffuse  through  the  plastic 
sheath  very  slowly.  The  amount  of  water 
that  can  pass  through  can  be  calculated 
assuming  the  initial  concentration  within 
the  cable  is  negligible  using^°: 

Q=2D7i/ln  (b/a) - (3) 

where : 

Q  =  The  amount  of  water  passing  through 
the  sheath  per  unit  length. 

D  =  Penetration  rate  of  water  through  the 
sheath . 
t  =  Time. 

a  =  Internal  diameter  of  the  sheath, 
b  =  Outer  diameter  of  the  sheath. 

In  addition,  it  is  considered  that  the 
temperature  dependence  of  water  permeation 
through  the  sheath  can  be  described  in 
the  same  form  as  diffusion  using^°: 

Q=Qoexp{-E/RT)  ---(4) 

Where : 

Qg  =  Constant . 

E  =  Activation  energy  of  diffusion. 

R  =  Gas  constant. 

T  =  Temperature. 

Fig. 7  illustrates  the  mechanism  of 
water  permeation.  In  the  case  of 

water  proof  cables,  it  is  considered  that 
the  aqueous  vapor  that  passes  into  the 
cable  will  be  absorbed  by  water  swellable 
materials,  so  the  aqueous  vapor  pressure 
in  the  cable  is  smaller  than  the  ordinary 
plastic  sheath  cable.  This  aqueous 

vapor  absorption  makes  the  aqueous  vapor 
difference  between  outside  and  inside  of 
the  sheath  larger  than  ordinary  plastic 
sheath  cable. 

Due  to  this  aqueous  vapor  pressure 
difference,  the  water  permeation  of  the 
cable  that  has  water  swellable  materials 
becomes  larger  than  the  ordinary  plastic 
sheath  cable. 


Fig. 6  Salt  Consentration  Dependence 
of  Water  Absorption. 
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Polyethylene  Seath 


Fig. 7  Mechanism  of  Water  Penetration 
into  the  Cable. 


(2 ) Sample  cable 

Cable?  used  to  research  the  aqueous 
vapor  absorption  are  shown  in  Fig. 8. 
One  is  a  one-hundred- f iber  nonmetallic 
optical  cable  composed  of  single  mode 
four-fiber  ribbons  and  a  slotted  core  that 
has  a  aramid  FRP  rod  as  a  strength  member. 
The  other  is  a  one-thousand- f iber  optical 
cable  which  has  eight-fiber  ribbons  and 
five  two-hundred- f iber  units  and  a  steel 
central  strength  member.  Each  cable  has 
water  swellable  materials  and  low  density 
polyethylene  sheath.  The  amounts  of 
water  absorbent  polym.er  contained  in  each 
cable  are  4.5g/m  and  45g/m. 

(31  Water:  permeation  tests  . 

Samples  are  listed  in  table  1. 
Samples  were  cut  in  30cm  long  and  desic¬ 
cated  by  vacuum  pump  at  80C  for  24  hours. 
Then,  their  ends  were  sealed  by  fused 
polyethylene  to  avoid  water  penetration. 
These  samples  were  immersed  in  waters  at 
40C,  60C  and  80C. 


(a)  One-hundred-fiber  Nonmetallic 
Water  Proof  Cable. 

Polyethyle  Sheath 


(b)  One-thousand-fiber  Water  Proof  Cable. 

Fig. 8  Crossectional  View  of 

investigated  Water  Proof  Cables 


Table  1  List  of  Sample  Cables. 


Sample 

Cable 

Sheath 

O.D. 

l.D. 

Amount  of 
Polymer 

A.B.C 

nonmetallic 
100  fibers 

LDPE 

17mm 

13mm 

4.5g 

D 

nonmetallic 
100  fibers 

LDPE 

17mm 

13mm 

og 

E 

metallic 

1 000  fibers 

LDPE 

40mm 

35mm 

45g 
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Fig. 9  shows  the  temperature  depend¬ 
ence  of  low  density  polyethylene  sheath. 
The  amount  of  absorbed  water  at  80C  was 
about  7-8  times  as  large  as  that  of  at 
40c.  From  the  equation  (4),  the  amount 
of  aqueous  vapor  permeation  can  be  esti¬ 
mated  1/22  as  much  as  that  of  at  80C. 
This  temperature  dependence  is  almost 
equal  to  the  polyethylene  itself.  More¬ 
over,  the  weight  increase  of  water  proof 
cable  is  larger  than  the  plastic  sheath 
cable . 


To  investigate  the  humidity  in  the 
cable,  two  kinds  of  polyethylene  tubes 
were  prepared.  One  had  the  water  swel- 
lable  tapes.  Fig. 10  shows  the  humidity 
in  the  tubes.  The  tube  which  had  no 
water  swellable  tape  was  98%  of  relative 
humidity  but  the  tube  with  water  swellable 
tape  was  65%  of  relative  humidity  after  30 
day's  water  immersion  at  40C. 
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Fig.9  Aqueous  Vapor  Absorption  of  Cables. 


Fig. 10  Humidity  in  the  Polyethylene  Pipe. 


The  saturation  time  of  aqueous  vapor 
is  determined  by  the  amount  of  saturated 
aqueous  vapor  absorption  and  the  amount  of 
aqueous  vapor  permeation  into  the  cable 
per  unit  time. 

From  Fig. 3,  the  saturated  aqueous  vapor 
absorption  at  room  temperature  is  about  5% 
of  the  weight  of  water  absorbent  polymer. 
In  the  case  of  30cm  long  one-hundred-fiber 
nonmetallic  cable,  its  value  is  about 
0.15g.  On  the  other  hand,  aqueous  vapor 
permeation  at  room  temperature  is  estimat¬ 
ed  about  0.06g/year,  so  it  takes  about  2.5 
years  to  reach  the  saturation  of  aqueous 
vapor  permeation.  This  value  is  150 
time  as  large  as  that  of  ordinary  plastic 
sheath  cable. 

In  the  case  of  one-thousand-fiber 
water  proof  cable,  the  amount  of  permeated 
water  was  larger  than  that  of  one-hundred- 
fiber  nonmetallic  optical  cable.  This 
is  caused  by  the  difference  of  dimensions. 
The  difference  between  these  two  kinds  of 
cable  is  illustrated  by  equation  (3). 


From  the  results  of  above  examina¬ 
tions,  aqueous  vapor  permeation  of  water 
proof  cable  is  larger  than  the  ordinary 
plastic  sheath  cable  but  the  relative 
humidity  in  water  proof  cable  is  smaller 
than  that  of  ordinary  plastic  cables. 
This  means  that  the  aqueous  vapor  permeat¬ 
ed  into  the  cable  is  absorbed  by  water 
swellable  materials  and  the  humidity  is 
kept  low  for  long  term.  So,  it  can  be 
expected  that  the  degradation  of  transmis¬ 
sion  characteristics  and  fiber  strength  of 
water  proof  cable  is  smaller  than  the 
ordinary  plastic  sheath  cable. 

4.Cable  properties. 

A  one-hundred-fiber  nonmetallic  water 
proof  cable  was  imm.ersed  in  water  for  1.5 
years  at  room  temperature. 

Absorbed  water  was  0.35g/m.  The  amount 
of  absorbed  water  was  a  little  less  than 
the  estimated  value. 

This  cable  was  subject  to  the  re¬ 
searches  of  transmission  loss  and  mechani¬ 
cal  properties. 
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Loss  (dB/km)  (dB/km) 


Fig. 11  shows  the  loss  changes  of  at 
1.3um,  1.55um  and  1.38um.  The  loss 
changes  were  less  than  0.02d3/km. 

Temperature  dependence  of  transmis¬ 
sion  loss  is  shown  in  Fig. 12.  the 
investigated  temperature  range  is  from 
-40C  to  60c.  The  loss  increases  at  -40C 
and  60C  were  0.03dB/km  and  0.02dB/km, 
respectively.  These  loss  changes  were 
similar  to  those  of  soon  after  the  cable 
fabrication . 

As  a  result  of  these  researches,  it 
can  be  said  that  the  transmission  loss  was 
not  affected  by  permeated  aqueous  vapor. 


0  90  180  270  360  450  540 

Passed  Days 

Fig.1 1  Loss  Change  of  Water  Immersed  Cable. 


In  table  2,  mechanical  properties  are 

shown . 

Crush,  bending,  stretching,  squeezing, 
vibration  and  impact  tests  were  carried 
out.  Against  these  tests,  no  degrada¬ 
tion  of  transmission  characteristics  or 
cable  strength  was  observed. 


Table  2  Mechanical  Properties  of  100-fiber 
Nonmetallic  Water  Proof  Cable. 


Item 

Condition 

Result 

Bending 

R=200mm, 

1turn 

less  than  O.OIdB/turn 

Stretching 

up  to  0.2% 
elongation 

less  than  O.OIdB/IOOm 

Crush 

up  to 

2500N/50mm 
of  lateral  force 

less  than  0.01dB/50mm 

Vibration 

lOHz,  5mm 
of  amplitude, 

1  million  times 

less  than  0.01  dB/m 

Impact 

1kg, 

1  m  height 

less  than  O.OIdB 

Squeezing 

R=200mm, 
up  to  0.2% 
elongation 

less  than  0.01  dB/1 00m 

0  -40  -20  0  20  40  60 

Temperature  (C) 

Fig. 12  Temperature  Characteristics  of 
Water  Immersed  cable. 


Weibull  plots  of  fiber  breaking 
strength  before  and  after  the  water  immer¬ 
sion  are  shown  in  Fig. 13.  The  fiber 

strength  does  not  decease  after  1.5  year's 
water  immersion. 

This  result  seems  that  the  water 
absorbent  polymer  acts  as  desiccatin 
agent  in  the  cable  so  the  aqueous  vapo 
pressure  is  not  so  large  around  the  opti¬ 
cal  fibers. 


338  International  Wire  &  Cable  Symposium  Proceedings  1991 


If  vQ 


CUMULATIVE  FAILURE  PROBABILITY  (%) 


99.9 

99.0 

95.0 

90.0 

80.0 

70,0 

60.0 

50.0 

40.0 

30.0 

20.0 

10.0 

5,0 

wm^m 

mmm 

imm 

=== 

= 

= 

-  — 

— 

— 

— 

— 

— 

— 

_ 

_ 

_ 

— 

— 

— 

— 

■ 

““ 

Span;  10m 

l||H 

u 

■ 

■ 

■ 

■ 

Strain  Rate:  10 

’/o/min. 

a 

■ 

1 

1 

1 

as 

4.0 

30 

2.0 

1.0 

— 

— 

t 

3 

- 

—\ 

•  Before  Water  Imi 

•  After  Water  Imrr 

nersion 

ersion 

■1 

■ 

■ 

1 

I 

1 

0,5 

0,4 
0  3 

■— 

— 

[ir: 

— 

— 

— 

— 

— 

0.1 

■! 

■1 

■1 

■ 

2  3  456789  10 


STRENGTH(GPa) 


Fig. 13  Weibull  Plot  of  Fiber  breaking  strength 
before  and  after  Water  Immersion  Test. 


S.Conclusion. 

A  one-hundred- f iber  non-metallic 
optical  cable  and  a  one-thousand-fiber 
water  proof  cable  were  subject  to  the 
research  of  aqueous  vapor  permeation  into 
the  cable.  The  aqueous  vapor  permeation 
into  the  cable  becomes  large  at  high 
temperature  and  under  the  existence  of 
absorbent  polymer.  However,  the  humidity 
in  the  cable  is  smaller  than  the  ordinary 
plastic  sheath  cable.  The  amount  of 
water  permeation  at  20C  can  be  estimated 
1/22  time  as  large  as  that  of  at  80C. 

The  cable  properties  against  tempera¬ 
ture  change  and  fundamental  mechanical 
tests  were  similar  to  that  of  soon  after 
the  cable  fabrication.  In  addition, 
optical  fiber  strength  was  kept  in  the 
initial  level. 
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ABSTRACT 

An  improved  model  for  the  degradation  of  PBT  used  in  loose 
tube  fiber  optic  cables  has  been  developed  based  on  an  acid 
based  catalyzed  hydrolysis  reaction.  An  improved  class  of 
PBTs  was  studied,  and  through  the  use  of  a  carboxylic  end 
group  determination  test,  it  was  found  that  while  the  lifetime 
of  the  new  materials  does  significantly  improve,  the  basic 
degradation  mechanism  remains  the  same.  It  is  found  through 
MFR  testing  that  the  degradation  rate  follows  a  power  law 
dependence  with  moisture  concentration,  with  an  exponent  of 
2.8.  The  new  materials  offer  a  predict^  3x  improvement  in 
lifetime,  making  them  more  suitable  for  use  in  the  pedestal 
environment. 

I.  INTRODUCTION 

With  the  introduction  of  fiber  optic  cables  in  the  distribution 
loop,  the  long  term  reliability  requirements  for  cable 
components  have  become  more  ctiingent.  All  of  the  materials 
will  be  expected  to  withstand  the  pedestal  environment  where 
much  higher  temperatures  and  humidity  conditions  prevail, 
compared  to  buried  service  cable.  In  choosing  the  materials  to 
be  used  in  fiber  optic  cables,  the  materials  must: 

(1)  Meet  Customer  Specification 

(2)  Have  Intercomponent  Compatibility 

(3)  Perform  Reliably  under  Field  Service 
Conditions 

For  all  three  conditions  to  be  met,  extensive  testing  is 
preformed  to  insure  that  each  material  is  suited  for  the 
application  in  which  it  will  be  used.  The  last  criteria, 
however,  is  the  most  time  consuming  and  rigorous  since  the 
results  of  the  testing  must  prove  that  the  material  will  function 
adequately  for  the  lifetime  of  the  cable.  Reliability  testing 
involves  aging  the  materials  under  various  conditions  much 
more  severe  than  would  be  normally  encountered  in  the  field 
to  shorten  the  amount  of  time  required  to  observe  some  loss  of 
performance.  In  order  to  predict  the  time  to  failure  of  a  cable 
component  it  is  also  necessary  vary  the  exposure  conditions, 
e.g.  temperature,  humidity,  light,  ere.,  to  determine  the  rare  at 
which  the  material  degrades  with  the  severity  of  the  exposure. 
Espiecially  important  is  a  knowledge  of  the  material  itself,  its 
degradation  mechanisms  and  which  physical  and/or  chemical 
properties  should  be  monitored  to  assess  the  extent  of 
degradation. 

Table  1  shows  some  typical  polymer  types  which  are  currently 
used  in  many  fiber  optic  cable  types.  In  conducting  reliability 
tests  for  these  materials  and  others  in  a  cable,  various  physical 
parameters  can  be  followed  to  determine  the  extent  of 


degradation.  The  allowable  change  tensile  characteristics  of 
the  polymers  is  often  used  in  customer  specifications  since 
they  are  easily  measured.  While  mechanical  characteristics 
might  be  appropriate  to  determine  a  performance  endpoint,  it 
is  difficult  to  predict  long-term  behavior  using  these  tests, 
especially  when  the  results  are  catastrophic  rather  than 
gradual.  For  long  term  reliability  testing,  analytical  test 
methods  are  performed  in  addition  to  physical  tests. 


Table  1.  Some  Typical  Polymers  Used  in  Cables 

Polymer  Type 

Function 

U.V.  Acrylates 

Fiber  Coatings 

Ribbon  Matrix 

Poly(esters) 

Lxxjse  Tubes 

Binder  &  Ripcord 

Poly(amide) 

Loose  Tubes 

Tight  Buffer 

Poly(aramid) 

Fiber  Strength 

Elements;  Ripcord 

Poly(acrylic  acid) 

Water  Blocking  Agent 

Poly(olefins) 

Loose  Tube  Material 

Filler  Rods 
eSM  Upjacket 

Steel  Tape  Coating 

Sheathing  Material 

Polyfvinyl  chloride) 

Tight  Buffer 

Riser  Sheathing 

method  to  perform  reliability  testing.  While  physical  tests 
yield  bulk  property  information,  a  correctly  chosen  analytical 
method  will  give  important  structural  information  about  state 
of  the  polymer.  In  addition,  most  analytical  tests,  e.g.  Fourier 
Transform  Infrared  Spectroscopy  (FTIR),  require  very  little 
sample  compared  to  physical  tests,  e.g.  tensilometry,  which  at 
the  very  least  requires  a  sample  big  enough  to  grip.  This  last 
advantage  is  especially  important  when  actual  field  samples 
need  to  be  evaluated;  the  sample  need  not  be  intact. 
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Ideally,  the  analytical  method  should  meet  the  following 
criteria: 

(A)  Detects  Degradation  Before  Mechanical  Failure  Occuis 

(B)  Sensitive  to  Concentration  of  Polymer  Degradation 
Products 

(C)  Immune  to  Interfering  Compounds 

Not  all  analytical  methods  yield  the  same  amount  of 
information  compared  with  other  methods  for  the  same 
material.  For  example,  it  has  been  shown  that  Melt  Flow 
Index,  when  properly  done,  will  increase  as  the  poly(ester), 
poly(butylene  terephthalate)  or  PBT,  degrades.*  In  addition, 
the  deeradation  mechanism  must  be  known  for  an  appropriate 
analytical  method  to  be  chosen.  Table  2  gives  a  summary  of 
typical  physical  and  analytical  methods  and  the  polymer  types 
which  can  be  tested  by  them. 

Recently,  some  new  grades  of  hydrolysis  resistant 
polyfbutylene)  terephthalates  (PBT)  were  introduced  onto  the 
market.  This  paper  focuses  on  comparing  these  new  grades  of 
PBT  to  standard  grades  and  how  hydrolysis  resistance,  if  any, 
is  achieved.  Each  compound  was  examined  for  its  resistance 
to  hydrolysis  by  examining  both  the  mechanical  and  chemical 
changes  after  aging. 


Table  2.  Test  Method  vs.  Polymer  Type 

Polymer  Type 

Method 

All  Polymers 

Tensilometry 

Compression  Resistance 

Minimum  Bend 

Stress  Cracking 

Thermal  Analysis,  e.g. 
Differential  Scanning 
Calorimetry  (DSC) 

FTIR 

Nuclear  Magnetic 

Resonance 

Poly(esters) 

Melt  Flow 

Carboxylic  Acid  End 

Group  "Titration 

Poly(olefins) 

Oxidation  Induction 

Time 

n.  THEORY 


A.  Degradation  Mechanism  for  PBT 

The  primary  mode  of  degradation  for  PBT  and  most  other 
poly(esters)  is  hydrolysis: 


RCOjR'  +  HjO 


H' 


->  RCO2H  +  HOR‘ 


(1) 


[ESTER]  +  [WATER] 


->  [ACID]  +  [ALCOHOL] 


where  R  and  R'  are  the  polymer  chain  continuing  on  either 
side. 

In  the  reaction  a  molecule  of  water  is  introduced  into  the  ester 
bond  to  produce  the  starting  materials:  a  carboxylic  acid  and 
an  alcohol.  While  there  are  other  degradation  pathways,  they 
typically  occur  at  temperatures  not  normally  experienced  in 
the  field  for  fiber  optic  cables.^  Note  that  simple  esterification 
reactions  are  known  to  be  acid  catalyzed  and  further,  that  a 
carboxylic  acid  end  group  can  catalyze  the  esterification,  or 
de-esterification  in  this  case,  of  an  adjacent  ester  linkage.^ 
The  reaction  rate  equation  must  then  reflect  the  effect  of  the 
concentration  of  carboxylic  acid  end  groups  on  the  overall 
reaction  rate. 


B.  The  Rate  Equation 

Rather  than  use  the  number  average  degree  of  jjolvmerization 
to  follow  the  rate  of  degradation,  as  is  often  done,**  the  rate  of 
formation  of  the  carboxylic  acid  end  group  was  observed,  both 
directly  and  indirectly,  through  melt  flow  results.  The  rate 
hydrolysis  of  an  ester  linkage,  including  the  catalytic  effect  of 
an  adjacent  carboxylic  acid  end  group,  can  be  expressed 
simply  as  the  rate  of  formation  of  carboxylic  acid  end  groups: 

dlRCOzHydi  =  ko  [HjO]®  [RCO2R’]*  r2j 


ko  =  kw+  k'  [RCO2H]  (3) 

where  k\y  is  the  rate  of  hydrolysis  in  the  absence  of  acid  and  k 
is  the  acid  catalyzed  rate.  In  order  to  simplify  the  equation, 
two  basic  assumptions  were  made: 

(1)  ky/  <  <  k'  ,  /.e. ,  the  acid  catalyzed  rate  is  much 
faster  that  the  uncatalyzed  rate 

(2)  d[RC02R’]/(/t  =5  0  ,  i.e. ,  the  change  in  the 
concentration  of  [ESTER]  linkages  with  hydrolysis 
is  very  small,  therefore  the  reaction  is  can  be  made 
"psuedo-zero  order"  in  ester  concentration  and 

n  =  0 

These  assumptions  simplify  the  equation  to: 


dYBCOzHVdt  =  it' [HzO]"  [RCO2H]  (4) 

By  keeping  the  water  concentration  constant  for  the  series  of 
PBT  compounds,  the  equation  is  further  simplified  to: 


d[nC02»Vdt  =  k  [RCO2H] 


(5) 


where  k  -  k'  [H20]“ 

Note  that  a  must  be  determined  experimentally. 
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Rearranging  the  equation  and  taking  the  integral  of  each  side: 

I  t/[RC02H]/[RC02H]  =  I  k  dr  (6) 

and  integrating  both  sides  from  time  =  0  to  time  =  t, 

Ln([RC02H]t)  =  kl  +  Ln([RC02H]o) 

Since,  for  a  given  PBT,  die  melt  flow  rale  is  proportional  to 
the  number  average  MW'  and  the  number  average  molecular 
weight  is  proportional  to  the  number  of  carboxylic  acid  end 
groups  in  the  polymer,  the  relationship  of  melt  flow  rate 
(MFR)  with  time  can  be  expressed  in  a  similar  fashion; 

Ln(MFRi)  =  kt  +  Ln(MFRo) 

The  temperature  dependence  of  the  reaction  rate,  k',  is 
described  by  the  familiar  Arrhenius  equation: 

k'  =  A  exp(-Eai  PT) 

where  A  is  a  constant,  Ea,  the  energy  of  activation  for  the 
reaction,  R  is  the  gas  constant,  and  T  is  the  temperature  i.i 
degrees  Kelvin  The  value  of  Ea  which  was  used  in  this  paper 
is  26  kcal/mol. 

C.  The  Concentration  of  Water  Vapor 

In  an  earlier  work,  the  rate  of  cjegradation  was  correlated  with 
the  percent  relative  humidity.  What  was  not  taken  into 
account  was  that  relative  humidity  is  a  function  of 
temperature,  Le.,  50%  RH  at  25°C  is  far  less  water  vapor 
than  50%  RH  at  5Q°C.  The  maximum  concentration  of  water 
vapor  (partial  pressure  in  mm  Hg)  at  any  given  temperature 
below  1(X!)°C  and  at  1  atmosphere  (760  mm  Hg)  is  given 
approximately  by: 

(fTtniHg)  =  exp(20.5  -  5167/T) 

To  calculate  %  RH,  the  actual  partial  pressure  of  water  is 
divided  the  maximum  and  multiplied  by  1(K): 

%RH  =  F«„/F„^X100 

The  relationship  between  Partial  Pressure  of  water  vapor,  P, 
and  relative  humidity  is  shown  graphically  in  Figure  1.  As 
can  be  seen  by  the  isotherms,  50%  RH  corresnonds  to  »  340 
Ton-  at  95°C,  =  90  Torr  at  65°C,  and  =  25  Torr  at  35°C. 
In  this  work  the  concentration  of  water  in  mm  Hg,  or  Torr,  is 
used  in  the  calculations  of  the  rate  of  hydrolysis  of  the  PBT's. 


III.  EXPERIMENTAL 

A.  Humidity  Aging 

Aging  of  PBT  pellets,  loose  tubes  and  tensile  bars  was 
performed  in  Thermotron  humidity  chambers.  Samples  were 
variously  aged  at  85°C  at  37%  (160  Torr),  65%  (282  Torr), 
85%  (367  Torr),  and  94%  RH  (408  Torr).  94%  RH  was 
especially  difficult  to  control  with  the  results  that  the  humidity 
was  closer  to  100%  RH  than  94%  RH. 


%  RH  vs.  Partial  Pressure  of  Water 

Variation  with  Temperature 


FIGURE  1. 


B.  Melt  Flow 

Melt  Flow  was  determined  using  a  Tinius-Olsen  Melt 
Plastometer  following  ASTM  D  1238.  In  addition  to  using 
2160  g  load,  a  1000  g  weigiit  was  also  used  to  keep  the  flow 
below  50  g/io  min  for  highly  degraded  samples  (see  below  for 
details).  The  temperature  was  the  standard  250°C.  Ail 
samples  were  dried  in  a  desiccator  for  24  hours  prior  to 
testing. 

C.  Mechanical  Tests 

Tensile  testing  was  performed  using  an  Instron  Model  2100. 

A  Minimum  Bend  Test  was  performed  using  mandrels  IX, 
2X,  and  5X  the  diameter  of  the  PBT  tubes. 

D.  Carboxylic  Acid  End  Group  Determination 
A  modified  titration  method  by  Kohl*  was  used. 

IV.  RESULTS  and  DISCUSSION 
A.  General  Considerations 

As  previously  mentioned,  both  the  formation  of  esters  and  the 
hydrolysis  of  esters  is  catalyzed  by  the  presence  of  acid.^  The 
product  of  the  hydrolysis  of  an  ester  is  a  carboxylic  acid  and 
an  alcohol.  For  PBT,  the  carboxylic  acid  is  held  in  place  by 
the  remaining  polymer  chain  and  can  hydrolyze  an  adjacent 
ester  bond.  Hence  the  reaction  is  "autocatalytic".  Reducing 
the  amount  of  carboxylic  acid  end  groups  initially  present  in 
the  polymer  should  significantly  reduce  the  rate  of  hydrolysis 
and  extend  'he  lifetime  of  the  polymer. 

Reducing  the  amount  of  carboxylic  acid  end  groups  (CEG's) 
can  be  accomplished  a  number  of  ways.  One  way  is  to 
increase  the  molecular  weight  of  the  polymer  chain:  the 
higher  ti'.e  molecular  weight  for  a  specific  PBT  the  fewer  the 
c^oxylic  acid  end  groups.  Another  way  might  be  to  "cap" 
the  acid  end  groups  with  a  molecule  which  "inactivates"  the 
acid.*"’"  Since  it  is  not  known  how  the  CEG  numbers  were 
reduced  in  either  of  the  low  CEG  PBT's,  no  attempt  was  made 
to  reach  a  conclusion  as  to  the  relative  advantage  of  either 
method  of  reducing  CEG  number. 
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Since  CEG  is  so  important  to  the  lifetime  of  a  PBT,  the 
change  in  CEG  with  aging  was  compared  for  three  PBT's. 
PBT  A  was  a  standard  unfilled  grade  and  PBT's  B  and  C  were 
"low  CEG"  -  hydrolysis  resistant  grades.  In  addition,  melt 
flow  rates  were  ^so  determined  and  correlated  with  CEG. 

B.  Mechanical  Results 

In  order  to  determine  what  MFI  or  CEG  value  corresponded 
with  failure  tensile  bars  of  each  PBT  was  aged  at  85 °C  and 
94%  RH  and  measured  for  Percent  Elongation  at  Yield, 
Strength  at  Yield,  and  Modulus  at  2%  strain.  As  can  be  seen, 
with  PBT  A  the  %  elongation  and  strength  at  yield  both  drop 
dramatically  after  30  days.  For  the  hydrolysis  resistant 
PBT’s,  however,  these  parameters  fall  after  60  days.  The 
modulus  at  2%  did  not  significantly  change  at  all  during  this 
time  f>eriod.  Note,  for  PBT  B,  that  there  is  an  increase  in  % 
elongation  and  strength  at  yield  before  the  drop  at  60  days  and 
the  loss  of  elongation  and  strength  is  nearly  half  as  great  as 
PBTC. 


In  the  aging  of  PBT's,  the  tensile  bar  samples  became  brittle 
even  before  a  change  was  seen  in  the  tensile  testing. 
Therefore,  a  Minimum  Bend  Test  devised  which  would  reflect 
the  brittleness  of  the  PBT  and  the  extent  to  which  it  might  be 
handles  in  the  field.  Tubes  of  each  PBT  were  aged  and  then 
wrapped  around  mandrels  which  were  IX,  2X,  and  5X  the 
diameter  of  the  tubes.  Failure  was  considered  that  point  when 
the  tube  cracked  as  it  was  applied  around  the  mandrel.  Table 
4  shows  the  results  of  the  Minimum  Bend  Radius  Testing. 


Table  4. 

Minimum  Bend  Results  after  85°C/95%  RH  Aging 

Sample 

30  Days 

IX  2X  5X 

45  Days 

IX  2X  5X 

PBT  A 

Pass  Pass  Pass 

Fail  Fail  Fail 

PBT  B 

Pass  Pass  Pass 

Pass  PassPass 

PBT  C 

Pass  Pass  Pass 

Pass  PassPass 

It  is  clear  from  the  results  that  the  mechanical  failure  for  PBT 
occurs  catastrophically,  whether  testing  via  a  tensilometer  or  a 
mandrel  and  Uiat  there  is  a  critical  molecular  weight  after 
which  the  material  looses  its  mechanical  integrity.  These 
results  are  consistent  with  previous  studies  which  show  that 
tensile  strength  and  elongation  of  thermoplastics  are  insensitive 
to  changes  in  molecular  weight  only  above  a  limiting  value. 

C.  Melt  Flow 

One  problem  which  was  quickly  realized  when  performing 
melt  fiow  on  aged  PBT  samples  was  the  relatively  short  time  it 
took  to  reach  50  g/10  nun,  the  maximum  flow  recommended 
by  the  ASTM.  Beyond  this  point,  non-newtonian  flow  is 
expected  and  the  viscosity  -  molecular  weight  relationship 
becomes  non-linear.  In  order  to  extend  the  useful  "lifetime" 
of  the  test  method,  the  load  weight  was  reduced  from  the 
normal  2160  g  to  1000  g.  As  can  be  seen  in  Figure  1  which 
shows  the  results  of  using  the  2160  g  load  weight,  PBT  A 
could  only  be  tested  up  to  20  days  and  PBT  B,  up  to  45  days. 
By  decreasing  the  load  to  1000  g,  and  hence  the  shear  rate,  the 
useful  aging  time  for  PBT  A  was  increased  to  30  days  and  for 
PBT's  B  and  C,  to  60  days. 

Note  that  the  slope  of  Ln(MFR)  vs.  Days  Aging  for  PBT  A  is 
nearly  twice  the  rate  of  PBT's  B  and  C,  which  are  themselves, 
very  similar.  Also,  the  initial  melt  flow  rate  of  PBT  B  is 
higher  at  time  zero  than  PBT  A. 

D.  Carboxylic  Acid  End  Group  Determination 

For  each  of  the  PBT’s  aged  at  85°C  and  85%  RH,  the 
carboxylic  acid  end  group  concentration  (in  milliequiv^ents 
per  kg  of  polymer)  was  determined.  Figure  5  shows  the 
results.  What  is  immediately  obvious  is  that  all  of  the  rates 
are  very  nearly  equal,  within  experimental  error.  This  result 
confirms  that  the  mechanism  by  which  each  of  the  PBT’s 
hydrolyze  is  the  same,  a  conclusion  which  could  not  have  been 
reached  with  the  MFR  results.  This  assumes  that  the  change 
in  the  hydrolysis  rate  with  temperature,  as  given  by  Ea  {via 
the  Arrhenius  ^uation)  is  the  same.  The  CEG  test  is,  unlike 
MFR,  insensitive  to  the  type  of  PBT,  since  it  gives  the 
absolute  concentration  of  carboxylic  acid  end  groups.  This 
allows  the  determination  of  the  age  of  any  field  sample, 
regardless  of  the  source.  Although  methods  have  been 
developed  to  determine  the  MFR  of  cable  amples,*^  only 
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Melt  Index  of  PBT  after  Aging 

at  85  C  and  85%  RH 


Figure  4 


CEG  vs.  Days  Aging  at  85  C  and  85%  RH 

First  Order  Analysis 


nCURES 


relative  results,  i.e.  compared  to  unaged  cable  samples,  could 
be  obtained.  It  is  infrequent  when  field  samples  can  be 
compared  to  their  unaged  counterparts. 

Shown  in  Figure  6  is  the  relationship  between  CEG  and  MFR 
for  the  PBT's  aged  at  85°C  and  85%  RH.  The  graph  clearly 
points  out  the  difference  between  PBT  A  and  the  hydrolysis 
resistant  PBT  C  and  D. 


E.  Dependence  of  Hydrolysis  Rate  on  Humidity 

Since  the  energy  of  activation  for  hydrolysis,  Ea,  has  already 
been  established  (Ref.  7),  the  dependence  of  the  rate  of 
hydrolysis  with  water  vapor  concentration  for  PBT  A  and  PBT 
B  was  determined.  With  the  temperature  maintained  at  SS'C, 
the  rate  of  change  in  melt  flow  rate  with  humidity  was 
monitored.  It  was  originally  desired  to  also  include  the 
change  in  the  rate  of  CEG  number  with  humidity  aging. 


Ln  CEG  Concentration  (meq/kg) 

FIGURE  6 


however,  that  testing  is  still  in  progress.  Table  4.  shows  the 
results  of  k,  derived  from  Ln(MFR)  vs.  Time  regressions,  vs. 
Concentration  of  Water  Vapor  in  Torr  (mm  Hg).  Table  5. 
and  Graph  7  shows  the  results  of  the  change  in  rates.  Note 
that  the  rate  of  hydrolysis  with  water  vapor  concentration  is 
three  (3)  times  greater  for  PBT  A  than  for  PBT  B. 


Table  5. 

The  Rate  Constant, 

k,  vs.  Water  Vapor  Concentration 

Water  Concentration 

PBT  A 

PBTB 

%RH  at  85  “C 

(Torr) 

Rate,  k 

Rate,  k 

37% 

160 

1.1  X  10-2 

0.35  X  10-2 

65% 

280 

4.4  X  10-2 

1.1  X  10-2 

85% 

410 

9.1  X  10-2 

2.8  X  10-2 

The  order  of  the  reaction  was  determined  by  performing  a 
least  squares  analysis  optimizing  for  a  in  Equation  4  and 
assuming  a  zero  intercept.  In  determining  constants  for  the 
best  fit,  the  order  was  varied  from  one  (1)  to  three  (3).  What 
is  most  significant  in  these  results  is  the  ciculated  order  of  the 
reaction:  the  rate  changes  with  vapor  concentration, 

i.e.,  there  is  a  very  strcig  dependence  on  the  concentration  of 
water  vapor.  Several  factors  could  account  for  the  high  order 
of  reaction.  It  is  known  that  water  causes  the  PBT  to  swell 
and  this  could  enhance  the  reactivity.  The  additional  water 
could  also  act  to  solvate  the  proton  (acid)  from  the  carboxylic 
acid  group  and  allow  its  transport  to  an  adjacent  ester  linkage. 


Table  4.  Humidity  Matrix  Results 

Sample 

Rate,  k' 

Order,  a 

PBT  A 

5.9  X  109 

2.8 

PBT  B 

1.8  X  10  9 

2.8 

Caution  should  be  used  in  applying  these  values  because  of  the 
relatively  small  number  of  k  rates  used  to  obtain  them.  It  does 
appear,  however,  that  the  order  is  indeed  greater  than  at  least 
2,  but  further  humidity  studies  are  need^  to  confirm  these 
results.  CEG  numbers  currently  being  obtained  with  all  PBT’s 
should  help  better  define  the  order  of  the  reaction,  a. 
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reliability  results,  where  MFR,  is  the  melt  flow  rate  at  failure. 
In  the  present  case  a  value  of  10  was  used.  Since  the  Ln  of  10 
is  2.303,  the  equation  becomes: 


Rate  of  MFR  Increase  vs. 
Water  Vapor  Concentration 


F.  Lifetime  Prediction 

Using  the  results  above  one  can  roughly  approximate  the 
lifetime  of  PBT  given  a  set  of  typical  field  conditions.  In  the 
pedestal  environment,  it  is  expected  that  temperatures  as  high 
as  60°C  (140°F)  may  be  possible  at  times  and  with  ground 
moisture  as  a  nearly  constant  source  of  water  vapor  humidities 
may  easily  reach  85%.  Using  60°C  and  85%  RH  as  a  starting 
point  to  determine  the  lifetime,  the  first  step  is  to  convert 
%RH  to  absolute  water  concentration: 

=  %RWXP„^/100 


=  .85  X  149  Torr  =  127  Ton- 

Applying  this  value  to  the  equation  for  k  at  85 °C, 

/tgs  =  5.9  X  10-9  X  1272-8  =  4.6  X  IQ-^ 

The  value  for  Irgs  is  then  entered  into  the  Arrhenius  equation: 

In  ^60  =  -£o//f  (//T^o  -  f/Tgs)  -  In  l:g5 

where  In  is  the  rate  of  change  in  MFR  at  60°C  and  85% 
RH,  Ea  is  the  energy  of  activation  for  hydrolysis,  R  is  the  gas 
constant  (1.987  cal/mol),  and  T^o  ^85  temperatures 

in  degrees  Kelvin  for  60°C  and  85 °C  degrees,  respectively. 

The  final  step  is  to  enter  the  rate,  kf,^  into  the  rate  equation  for 
the  change  in  MFR  with  time: 

Ln(MFRt)  =  k(,Qt  +  Ln(MFRo) 
or 

I  (days  to  failure)  =  Ln(MFRt/MFRo)  /  k(,o 

Before  the  final  result  can  be  obtained,  the  critical  normalized 
MFR,  MFR,/MFRo  must  be  obtained  from  the  mechanical 


t  (days  to  failure)  =  2.303  /  Itgo 
Table  6.  shows  the  results  of  these  calculations. 


Table  6.  Lifetime  Predictions  for  PBT  A  and  B 


Temperature  Humidity 

[H2O] 

Lifetime 

PBT  A 

60°C 

50% 

75  Torr 

46  years 

60°C 

85% 

127  Torr 

17  years 

PBTB 

60°C 

50% 

75  Torr 

150  years 

60°C 

85% 

127  Ton- 

55  years 

V.  CONCLUSIONS 

Cable  polymer  reliability  testing  is  an  integral  part  of  product 
development.  Various  physical  and  analytic^  methods  are 
used  to  establish  failure  modes  and  assessing  failure  rates  for 
critical  materials  under  severe  application  environments.  As  a 
component  in  direct  proximity  to  fragile  optical  fibers,  PBT 
tubes  are  an  especiily  important  candidate  for  reliability 
studies.  Two  new  commercially  available  hydrolysis  resistant 
PBTs  were  compared  with  a  standard  grade  of  unfilled  PBT. 

A  model  was  proposed  for  the  hydrolysis  degradation,  based 
on  an  acid  catiilyzed  reaction  with  a  power  law  dependence  on 
water  concentration.  Through  physical  tests,  a  normalized 
MFR  of  10  was  found  to  be  indicative  of  failed  PBT.  After 
following  the  MFR  rate  vs.  moisture,  in  Torr,  PBT  failure  was 
found  to  proceed  to  the  power  of  2.8  of  the  water  vapor 
concentration. 

By  using  the  mechanism  specific  CEG  test,  the  failure 
mechanism  for  each  of  the  PBT's  was  found  to  be  the  same, 
regardless  of  the  method  used  to  achieve  the  improvement  in 
hydrolysis  resistance.  However,  because  the  initial 
concentration  of  carboxylic  acid  end  groups,  which  acts  as  an 
"autocatalyst",  is  much  lower,  the  new  hydrolysis  resistance 
PBTs  exhibit  a  significant  improvement  in  lifetime  expected  to 
be  at  least  three  (3)  times  that  of  previous  standard  grade 
PBT’s. 

From  these  results,  it  is  reasonable  to  expect  reliable  service 
of  standard  PBT  in  typical  buried  service  cable  environments. 
As  movement  toward  the  loop  and  piedestal  environments 
continues,  additional  advantage  in  reliability  are  provided  by 
the  new  generation  of  PBTs.  Note  that  the  power  law 
dependence  of  water  vapor  still  makes  PBT  unsuitable  for  the 
most  severe  environments,  such  as  steam  ducts.*'* 
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ABSTRACT 

This  is  the  first  in  a  series  of  papers 
published  by  the  Polyolefins  Fire  Performance 
Council,  a  unit  of  the  Society  of  the  Plastics 
Industry,  Inc.,  to  investigate  corrosivity  teat 
methods.  In  this  paper,  25  polymeric  materials 
were  evaluated  for  smoke  corrosion  using  the 
proposed  ASTM  EOS. 21. 70  test  standard.  These 
commercially  available  polymeric  materials  cover 
a  broad  range  of  compositions  used  for  wire  and 
cable  insulation  and  jacketing. 

The  samples  were  decomposed  in  the  proposed  ASTM 
apparatus  and  a  copper  probe  was  subsequently 
exposed  to  the  combustion  gases.  The  corrosive 
potential,  as  defined  by  metal  loss  in 
angstroms,  was  determined  for  each  material. 
The  data  demonstrate  that  the  ASTM  E05.21.70 
test  protocol  does  differentiate  corrosive 
potentials  of  polymeric  materials.  Some 
refinement  in  this  test  method  is  warranted  to 
better  develop  it  as  a  standard  for  measuring 
corrosivity. 

Further  work  is  underway  to  evaluate  other  test 
methods  as  standardized  corrosivity  methods. 
This  future  work  will  focus  on  the  proposed  CNET 
ISO  TC61/SC4/WG2  test,  the  DIN  57472  acid  gas 
test,  and  the  cone  calorimeter  (DyGST) 
corrosivity  test  under  review  by  ASTM  DOS. 21. 04. 


INTRODUCTION 

The  effects  of  smoke  and  corrosive  gases 
released  in  a  fire  are  gaining  increased 
attentioi.  While  tests  to  determine  smoke 
release  have  been  standardized,  only  now  are 
tests  to  define  smoke  corrosivity  being 
developed.  Recent  fire  events  have  underscored 
the  need  for  standardized  testa  that  measure 
corrosivity,  as  corrosion  is  particularly 
important  with  fires  around  electronic 
equipment.  And,  as  computer  and 
telecommunications  equipment  usage  is 
increasing,  there  is  a  need  to  prevent  equipment 
from  being  out  of  service.  The  concern  over 
corrosion  extends  to  building  structures,  too, 
as  corrosive  gases  can  damage  load-bearing 
girders  and  concrete  structures. 

To  better  define  test  methods  that  measure  smoke 
corrosivity  of  plastic  materials  and  products, 
the  Polyolefins  Fire  Performance  Council  (PFPC) 
initiated  a  program  to  investigate  several  test 
protocols.  The  specific  goal  of  this  program  is 
to  determine  the  suitability  of  proposed  test 
methods  for  measuring  corrosive  potential.  This 
council  has  been  an  operating  unit  of  the 
Society  of  the  Plastics  Industry,  Inc.  since 
1988.  It  consists  of  the  nine  member  companies 
listed  in  Table  I. 


BP  Chemicals 
Dow  Chemical  Company 
EXXON  Chemical  Company 
GE  Plastics 
Himont  Inc. 


J.  M.  Huber  Corporation, 

Solem  Division 

Lonza  Inc. 

Quantum  Chemical  Corporation, 
USI  Division 

Union  Carbide  Chemicals  and 
Plastics  Company  Inc. 


Table  I.  Member  companies  of  the  Polyolefins 
Fire  Performance  Council.  Carl  F. 
Tripp  is  Managing  Director. 


To  accomplish  the  program  goal,  the  PFPC  decided 
to  evaluate  four  test  methods  currently  under 
consideration  for  standardization,  the  CNET 
test,  a  DIN  test,  the  cone  calorimeter  (DyGST) 
corrosivity  method,  and  the  ASTM  radiant 
combustion  test  method.  The  CNET  test  is  a 
combustion  corrosivity  method  under 
consideration  by  ISO  TC61/SC4/WG2 .  Results  from 
this  apparatus  are  being  obtained  from  a  round 
robin  test  program  involving  three  laboratories 
worldwide.  The  DIN  test  selected  is  an  acid  gas 
test,  VDE  57472  part  813,  similar  to  the  lEC 
754-1  test,  which  measures  pH  and  aqueous 
conductivity  changes.  The  cone  calorimeter  test 
involves  a  protocol  currently  under  review  by 
ASTM  D9.21.04,  which  uses  the  cone  calorimeter 
as  a  method  for  generating  combustion  gases. 
This  proposed  test  method  has  also  been  referred 
to  as  the  dynamic  gas  sampling  test  (DyGST) . 

In  this  first  of  a  series  of  papers,  several 
polymeric  materials  are  evaluated  with  the 
static,  radiant  combustion  method  currently 
under  review  by  ASTM  EOS. 2 1.70.  A  protocol  for 
this  test,  defined  as  the  Radiant 
Combustion/Exposure  Smoke  Corrosivity  Test,  has 
been  prepared  by  this  ASTM  task  group  under  the 
auspices  of  the  ASTM  Committee  E-5  on  fire 
standards.  The  polymeric  materials  list 
consists  of  a  wide  and  balanced  selection  of 
wire  and  cable  coatings  a.id  other  materials.  It 
contains  non-halogenated  filled  polyolefins, 
high  temperature  thermoplastics,  unfilled 
polyolefin  base  resins,  and  halogenated 
materials,  with  a  Douglas  fir  reference 
material. 

while  this  work  was  aimed  at  evaluating  the 
current,  proposed  ASTM  EOE.21.70  test  protocol, 
minor  variations  in  the  test  protocol  were 
investigated.  Two  different  probes  and  two 
sample  sizes  were  used  in  some  experiments.  All 
experiments  were  performed  under  identical 
conditions  so  that  the  data  could  be  directly 
compared.  These  results  add  to  the  database 
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using  this  apparatus  and  test  procedure,  and 
they  build  on  published  results.'*^ 

In  subsequent  publications,  the  other  three  teat 
methods  will  be  evaluated  with  the  Scune  list  of 
polymeric  materials.  These  next  papers  are 
targeted  for  publication  in  1992,  and  will 
permit  a  direct  comparison  of  the  four  different 
corrosivity  test  methods.  It  is  particularly 
important,  as  corrosivity  test  methods  are 
standardized,  to  determine  whether  each  test 
gives  the  same  relative  results  in  terms  of 
ranking  materials  by  their  corrosive  potentials. 
It  is  also  important  to  determine  which  teat 
methods  are  precise,  mea.iing  reproducible,  as 
well  as  accurate. 

EXPERIMENTAL 

The  ASTM  EOS. 21. 70  test  method  measures  the 
corrosion  of  a  suitable  target,  specifically  a 
copper  probe,  which  is  exposed  to  combustion 
gases  generated  by  burning  materials.  The 
resistance  of  the  copper  is  actually  measured, 
initially  and  at  select  time  intervals  during 
the  experiment.  The  resistance  increases,  as 
the  copper  is  corroded,  and  the  resistance 
changes  are  defined  in  terms  of  copper  thickness 
changes.  Thus,  the  corrosion  is  expressed  as 
average  copper  metal  loss  in  angstroms  over 
measured  time  periods.  Copper  is  the  material 
of  choice,  since  most  printed  circuit  boards 
contain  copper  circuits. 

The  ASTM  E05.21.70  corrosivity  method  was 
developed  so  that  the  corrosion  susceptible 
target,  or  copper  probe,  could  be  exposed  to  a 
sequenced  environment  similar  to  that  which 
occv in  actual  fires.  Parameters  important  to 
the  Chemistry  of  corrosion,  such  as  relative 
humidity  and  time,  were  factored  into  the  test 
protocol.  Essentially,  there  are  four  phases 
that  would  occur  before,  during,  and  after  an 
actual  fire: 

Phase  i  (Pre-fire)  -  Prior  to  a  fire, 
computers,  control  panels,  and  other 
electronic  instruments  would  be  at  some 
normal,  ambient  temperature  and  humidity. 

Phase  II  (Smoke  Exposure)  -  Combustion 
gases  from  a  fire  in  an  area  contact 
corrosion  sensitive  equipment.  Combustion 
gases  from  a  fire  remote  to  the  enclosed 
area  may  also  enter  the  area  through 
ventilation  systems  or  corridors.  The 
temperature  of  the  combustion  gases  may 
vary  from  slightly  to  significantly  above 
cimbient.  Moisture  as  a  product  of 
combustion  will  cause  the  moisture  content 
of  the  environment  to  rise.  Heat  from  the 
fire  will  energize  sprinkler  systems,  if 
present,  and  at  some  point  fire  fighters 
will  likely  add  moisture  to  the 
environment . 

Phase  III  (Early  Post  Fire)  -  After  the 
fire  is  extinguished,  the  humidity  level 
will  persist  for  some  period  of  time. 
Instruments  in  the  enclosed  area  will 
experience  high  relative  humidity  and 
continue  to  corrode. 

Phase  IV  (Late  Post  Fire)  -  The  building 
or  room  will  be  ventilated  and  the 
environment  will  begin  to  dry  out. 
Chemical  and  particulate  matter  deposited 
onto  equipment  will  remain,  and  even 
though  the  relative  humidity  will 
decrease,  corrosion  may  continue. 


The  procedure  used  in  this  paper,  which  is  the 
protocol  prepared  by  ASTM  EOS. 2 1.70,  was 
structured  to  simulate  such  a  scenario.  It  must 
be  recognized,  though,  that  other  scenarios  are 
possible,  as  the  critical  fire  parameters  will 
vary  depending  on  the  actual  fire  conditions. 
Carefully  controlling  the  test  parameters  is 
critical,  however,  so  that  different  materials 
can  be  reliably  compared. 

Apparatus 

The  teat  apparatus  (Figure  1)  used  in  this  work 
is  the  Radiant  Combustion/Exposure  Apparatus 
designed  and  built  by  Southwest  Research 
Institute.  This  apparatus  was  originally 
developed  for  the  National  Institute  of  Building 
Sciences  for  animal  toxicity  tests. ^  It  consists 
of  a  5  in.  diameter  cylindrical  quartz 
combustion  cell  connected  to  a  200  L  exposure 
chamber  by  a  vertical  stainless  steel  flue. 


Figure  1.  Schematic  drawing  of  Radiant 
Combustion/Exposure  Apparatus. 

The  test  specimen  is  supported  in  the  center  of 
the  combustion  cell  on  a  horizontal  pan 
connected  to  a  load  cell,  permitting  a 
continuous  measurement  of  specimen  weight  loss 
during  the  test.  A  uniform  heat  flux  is  applied 
to  the  specimen  by  four  tungsten-quartz  radiant 
heat  lamps  situated  on  either  side  of  the  flue. 
Combustible  gases  are  ignited  by  a  continuous 
spark. 

The  flue  is  divided  into  three  vertical  channels 
which  induce  the  products  of  combustion  and 
pyrolysis  to  travel  up  the  center  channel  into 
the  exposure  chamber.  Air  from  the  exposure 
chamber  is  then  induced  to  circulate, 
countercurrently ,  down  into  the  combustion  cell. 

The  exposure  chamber  is  made  of 
polymethylmethacrylate  (PMMA\  to  minimize 
absorption  of  combustion  gases  while  allowing  a 
view  of  the  smoke  build  up,  circulation,  and 
decay.  Two  doors  at  each  end  of  the  chamber 
permit  easy  access  for  cleaning  and  maintenance. 
There  are  six  access  ports  at  mid-height  in  the 
chamber  side,  and  these  are  used  for  probe 
instrumentation  wires  and  gas  sampling  tubes. 
One  additional  port  is  used  for  a  49  L  plastic 
expansion  bag.  This  expansion  bag  is  essential 
to  the  operation,  as  the  gases  generated  from 
sample  combustion  would  otherwise  build  up 
considerable  pressure  inside  the  200  L  chamber. 

A  shutter  is  used  to  cover  the  exit  of  the  flue 
at  the  end  of  the  specimen  irradiation  period. 
This  shutter  consists  of  a  stainless  steel  plate 
covered  with  a  disposable  aluminum  foil. 
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Test  Specimens 

For  this  program,  most  test  specimens  were  2x2 
X  1/8  in.  plaques.  This  2x2  in.  size  was 
selected  to  insure  that  the  oxygen  level  in  the 
exposure  chamber  remained  significantly  high  so 
that  sample  combustion  was  not  oxygen  limited. 
Samples  PFPC-17  and  18  (Table  II)  were  run  with 
1  X  1  X  1/8  in.  specimens  because  of  safety 
concerns  expressed  by  the  testing  laboratory. 
These  safety  concerns  about  the  toxicity  of  the 
combustion  gases  were  alleviated  by  running  the 
smaller  specimens,  so  that  only  1/4  the  size  of 
the  standard  specimen  was  used.  Sample  PFPC-19 
was  run  with  1  x  1  x  1/8  in.  and  2  x  2  x  1/8  in. 
specimens  to  investigate  the  response  of  the 
2500  A  probes  to  both  specimen  sizes. 

Target  Probes 

Copper  corrosion  probes  manufactured  by 
Rohrback-Cosasco  were  used  as  targets. 
Corrosion  is  expressed  as  average  metal  loss  in 
angstroms  (1  A  =  39.37  x  10*^  in.)  as  determined 
by  the  resistance  increase  of  the  probe.  This 
calculated  metal  loss  assumed  uniform  thickness 
loss  over  the  plane  of  the  probe. 

The  probes  used  were  constructed  of  copper  metal 
in  two  thicknesses.  The  high  sensitivity  probe. 
Model  610  (Figure  2),  generally  used  to  measure 
low  levels  of  corrosion  is  nominally  5000  A 
copper  sputtered  onto  a  glass  substrate.  The 
lower  sensitivity  probe.  Model  600  (Figure  3), 
used  to  measure  high  levels  of  corrosion  is 
nominally  50,000  A  thick  copper  foil  applied  to 
a  glass  substrate.  These  probes  have  a  linear 
response  over  approximately  2500  and  25,000  A, 
respectively,  as  defined  by  Rohrback-Cosasco. 
Since  these  copper  thicknesses  distinguish  the 
probes,  they  are  identified  throughout  the 
course  of  this  study  by  their  respective 
thicknesses.  These  thicknesses  represent  the 
maximum  metal  loss  that  each  probe  could 
experience,  beyond  which  they  are  off-scale. 


Figure  2.  Model  610,  2500  A  probe  from 

Rohrback-Cosasco . 


Figure  3.  Model  600,  25,000  A  probe  from 

Rohrback-Co casco . 


Each  probe  consists  of  a  reference  copper  leg 
and  an  operating  copper  leg.  The  reference 
copper  leg  is  coated  with  a  clear  polymeric 
coating,  so  that  only  the  operating  copper  leg 
can  corrode.  So,  both  probes  have  a  leg 
protected  from  corrosion  to  provide  temperature 
compensation  during  the  sample  combustion.  The 
copper  strips  of  each  leg  are  separated  by 
approximately  1.5  mm  to  prevent  polymer 
decomposition  particles  from  bridging  the  copper 
circuit  and  causing  erroneous  results. 

Test  Procedures 

Each  test  specimen  was  placed  on  the  specimen 
holder  and  the  combustion  chamber  was  closed. 
The  probe  was  placed  in  the  approximate  center 
of  the  200  L  exposure  chamber  with  the  copper 
surface  horizontal  and  facing  upwards.  This 
exposure  chamber  was  closed  and  the  relative 
humidity  brought  to  60%  at  room  temperature. 

The  radiant  heaters  were  turned  on  at  a  power 
level  to  yield  50  kW/m^  and  a  spark  ingnitor  was 
turned  on  for  a  15  min.  period.  The  spark 
ignitor  was  left  on  for  the  entire  15  min. 
combustion  period  to  promote  complete 
combustion.  Even  with  the  spark  ignitor  being 
left  on,  a  few  specimens  did  not  completely 
combust,  as  is  discussed  later  in  this  paper. 
Samples  ignited  at  different  times  and  combusted 
at  different  rates  because  of  the  different 
sample  compositions. 

The  power  was  adjusted  during  the  irradiation 
period  to  maintain  a  constant  heat  flux  based  on 
a  pre-run  calibration  with  a  radiometer 
replacing  the  specimen.  Irradiation  was 

terminated  after  15  min.  and  the  flue  was 
closed.  The  probe  was  then  left  in  the  chamber 
with  the  combustion  gases  for  an  additional  45 
min . 

During  this  1  h  total  irradiation/exposure 
period,  the  temperature,  relative  humidity, 
oxygen,  carbon  monoxide,  and  carbon  dioxide 
levels  in  the  chamber  were  allowed  to  vary  as 
driven  by  the  heat  release  and  products  of 
combustion.  The  target  probe  was  not  actively 
cooled.  The  following  measurements  were  made 
during  this  irradiation/exposure  period:  ^ 

Time  to  visible  smoke 
Time  to  specimen  ignition 
Time  of  flame  out 

Probe  resistance  change  (converted  to 
metal  loss) 

Specimen  mass  loss 
Chamber  temperature 
Chamber  oxygen  level 
Chamber  carbon  monoxide  level 
Chamber  carbon  dioxide  level 
At  the  end  of  this  60  min.  period,  the  probe  was 
moved  to  a  chamber  maintained  at  75%  relative 
humidity  at  room  temperature.  The  probe  was 
maintained  in  this  chamber  for  a  period  of  24  h, 
after  which  it  was  moved  to  an  environmental 
chamber  maintained  at  35%  relative  humidity  at 
room  temperature.  The  probe  remained  for  6 
additional  days  in  this  lower  relative  humidity 
environment.  Measurements  of  resistance  change 
were  made  at  2-3  min.  intervals  during  the  first 
hour,  at  the  end  of  the  24  h  period,  and  again 
at  the  end  of  the  6  day  period.  These 
resistance  changes  were  actually  measured  on  a 
scale  of  0  to  1000  resistance  units,  with  1000 
units  equalling  the  upper  copper  thickness  for 
which  the  probe  had  a  linear  response.  This 
maximum  thickness,  or  span,  was  around  2500  A  or 
25,000  A,  depending  on  which  probe  model  was 
used.  The  exact  span  value  for  each  probe  was 
established  by  the  manufacturer. 
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For  each  sample,  three  specimens  were  tested  on 
separate  runs  except  as  noted  in  Table  III. 
Sample  PFPC~21  was  tested  six  times,  meaning 
that  six  specimens  were  evaluated,  to  provide 
statistical  data  on  reproducibility.  A  separate 
probe  was  used  for  each  specimen  that  was 
decomposed. 

RESULTS  AND  DISCUSSION 
Materials  Evaluated 

Table  II  lists  the  25  polymeric  materials 
evaluated  for  smoke  corrosivity.  These  resins 
and  compounds  represent  a  broad  sampling  of 
polymeric  materials,  particularly  materials  that 
are  used  in  wire  and  cable  jacketing/insulation 
applications.  They  are  all  commercially 
available. 


PFPC 

NO. 

COMPANY 

PRODUCT 

DESIGNATION 

material  pESCflIPTION 

1 

6P 

EXP  839 

XL  OLEFIN  ELASTOMER 

WITH  METAL  HYDRATE  FILLER 

2 

DOW 

5435-30-11 

BLEND  OF  HOPE  AND  CHLORINATED 
PE  ELASTOMER 

3 

DOW 

5346-40-1 

CHLORINATED  PE  WITH  FILLERS 

4 

EXXON 

EX-FR-100 

EVA  POLYOLEFIN  WITH  ATH  FILLER 

5 

GEP 

NORVL*  PX1766 

POLYPHENYLENE  OXIDE/ 
POLYSTYRENE  BLEND 

6 

GEP 

ULTEM*  100O 

POLYETHERIMIOE 

7 

GEP 

SILTEk/  STM1500 

POLYETHERIMIDE/ 

SILOXANE  COPOLYMER 

8 

HIMONT 

ASTRYN*  AA36H 

INTUMESCENT  POLYPROPYLENE 

9 

LONZA 

NYLON  WITH  MINERAL  FILLER* 

10 

UCC8P 

unigard-re’" 

0F0A-1736NT 

POLYOLEFIN  COPOLYMER 

WITH  MINERAL  FILLER 

11 

UCCAP 

UNlGARD-fie* 

HF0A-l393eK 

XL  POLYOLEFIN  COPOLYMER 

WITH  MINERAL  FILLER 

12 

QUANTUM 

PETROTHENE^ 

XL  7403 

XL  POLYOLEFIN  COPOLYMER 

WITH  ATH  FILLER 

13 

QUANTUM 

PETROTHENE* 

YR  19535 

XL  POLYOLEFIN  COPOLYMER 

WITH  ATH  FILLER 

14 

QUANTUM 

k 

PETROTHENE 

YR19S43 

EVA  POLYOLEFIN  WITH 

MINERAL  FILLER 

15 

UCCAP 

UCARSIL* 

Fn-7920NT 

POLYOLEFIN  WITH  MINERAL  FILLER 

16 

BP 

POLYCURe’"798 

XL  POLYETHYLENE  COPOLYMER 

with  CHLORINATED  ADDITIVE 

17 

COMMERCIAL  SAMPLE 

A  POLYVINYLIOENE  FLUORIDE 
MATERIAL 

18 

COMMERCIAL  SAMPLE 

A  POLYTETRAFLUOROETHYLENE 
MATERIAL 

19 

COMMERCIAL  SAMPLE 

A  PVC  MATERIAL 

20 

COMMERCIAL  SAMPLE 

A  PVC  BUILDING  WIRE  COMPOUND 

21 

UCCAP 

0GDK-3364NT 

POLYETHYLENE  HOMOPOLYMER 

22 

DOUGLAS  FIR 

23 

QUANTUM  ULTRATHENE*' 

UE  631 

EVA  POLYOLEFIN  COPOLYMER 

24 

NYLET 

P50 

NYLON  6.6 

25 

UCCAP 

UNIGARD-MP’" 

MFDA-6522NT 

XL  polyethylene  COPOLYMER 
WITH  nnOMINATED  ADDITIVE 

Table  II.  Materials  evaluated  for  smoke 
corrosivity. 


This  material  list  covers  polymeric  materials 
that  retard  flame  spread  by  several  means.  Some 
materials  contain  hydrated  mineral  fillers 
compounded  with  polyolefin  resins  or  resin 
blends.  So,  they  would  be  expected  to  retard 
flame  spread  by  endothermic  water-of-hydration 
release. 

Sample  PFPC-3  is  an  intumescent  polypropylene 
compound  containing  a  phosphorus  flame  retardant 
additive.  This  material  retards  flame  spread  by 
formation  of  a  char  barrier,  and  its  flaming 
characteristics  are  different  from  the  others 
listed  in  this  table. 

Some  samples  are  halogenated  flame  retardant 
materials.  They  can  be  divided  into  compounds 
containing  halogenated  additives  and  materials 
that  have  halogen  atoms  chemically  bonded  to  the 
polymer  backbone.  The  brominated  and 
chlorinated  materials  deter  flame  spread  by 
halogen  release  and  subsequent  formation  of 
flame  poisoning  radicals.  As  such,  they  act  in 
the  vapor  phase  to  extinguish  flame,  often 
through  the  synergistic  action  of  halogenated 
species  with  antimony  oxide.  The  f luoropolymers 
are  halogenated  materials,  which  have  very  high 
limiting  oxygen  index  values  and  retard  flame 
spread  by  being  difficult  to  ignite. 

This  table  includes  three  high-heat,  non- 
halogenated  flame  retardant  materials.  One  of 
these  materials  contains  a  phosphorus  flame 
retardant  additive  and  the  other  two  are 
unfilled  resins.  These  materials  are  also 
considered  difficult  to  ignite,  so  that  they 
also  retard  flame  spread  by  resisting  ignition. 

Also  included  are  three  unfilled  base  resins 
from  different  suppliers.  The  two  polyolefin 
materials  were  selected  so  that  an  accurate 
comparison  of  filled  materials  with  their 
respective  base  resins  could  be  accomplished. 

Finally,  Douglas  fir,  sample  PFPC-22,  was 
included  as  a  standard  since  it  is  well  used  in 
flame  testing  materials  for  the  building 
industry.  The  Douglas  fir  represents  the  only 
non-synthetic  polymeric  material  used  in  this 
study. 

Typical  Corrosion  Response 

A  typical  corrosion  response  is  illustrated  in 
Figure  4,  which  details  the  metal  loss  for 
specimens  1,  2,  and  3  of  sample  PFPC-25,  a 
bromine  containing  polyolefin.  These  curves 
were  obtained  by  combusting  2  x  2  x  1/8  in. 
specimens  according  to  the  proposed  ASTM 
EOS. 21. 70  protocol.  As  can  be  seen  in  this 
figure,  there  are  two  main  features  of  interest; 
the  total  metal  loss  resulting  from  each 
specimen  and  the  time  required  for  the  metal 
loss  to  occur.  Corrosion  could  be  defined  as 
both  the  absolute  metal  loss  and  the  time  to 
achieve  this  metal  loss.  In  this  paper,  total 
metal  loss  is  considered  to  be  the  barometer  cf 
corrosion. 

Figure  4  illustrates  the  metal  loss  that 
occurred  over  the  60  min.  exposure  period.  The 
three  specimens  completely  combusted  over  the  15 
min.  ignition  period,  as  indicated  by  their 
appearance  and  weight  loss.  For  these 
specimens,  as  for  all  specimens  evaluated,  the 
weight  loss  was  measured  to  ensure  that 
decomposition  occurred. 
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Figure  4.  Corrosion  caused  by  combustion  of 
sample  PFPC-25  (2x2*  1/8  in. 

specimens,  2500  A  probes). 


This  issue  of  decomposition  is  important  for 
test  methods  measuring  the  corrosive  potential 
of  polymeric  materials.  If  the  sample  does  not 
decompose,  then  the  actual  corrosive  potential 
would  not  be  measured.  Consequently,  the  heat 
flux  was  maintained  at  50  )cW/m‘  and  the  ignitor 
was  left  on  for  the  entire  IS  min.  combustion 
period.  This  same  procedure  was  used  for  all 
samples  evaluated,  to  ensure  that  decomposition 
occurred.  As  mentioned  previously,  the 
f luoropolymers  and  high  heat  materials  are 
difficult  to  ignite,  and  some  of  these  samples 
did  not  actua  -ly  ignite. 

Total  Metal  Loss  Results 

Corrosion  data  for  all  25  samples  are  tabulated 
in  Tables  III  and  IV  and  highlighted  results  for 
12  samples  are  illustrated  in  Figure  5.  These 
12  samples  are  representative  of  the  different 
materials  evaluated  and  they,  rather  than  the 
entire  25  materials,  are  illustrated  for  the 
sake  of  brevity. 


SAMPIF  MUMSEN 


Figure  5.  Corrosion  caused  by  combustion  of 
representative  samples  (2500 
probes) . 
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NO.  SAMPLE 

METAL  L08S()i) 

RUN  1  PMN  2  RUN  3  _ 

METAL^ 

L088(A) 

S 

POLYCTHERIMIOE 

17 

169 

12 

66 

12 

FILLED  POLYOLEFIN 

31 

42 

166 

76 

23 

EMA  COPOLYMER 

61 

26 

191 

93 

6 

PPO  /  PS 

149 

306 

30 

162 

22 

DOUGLAS  FIR 

19 

281 

231 

177 

7 

PEI  /  SILOXANE 

447 

12 

93 

184 

1 

FILLED  Olefin  elastomer 

267 

290 

67 

206 

24 

NYLON  6.  6 

39 

396 

- 

196 

13 

filled  POLYOLEFIN 

696 

14 

44 

219 

21 

POLYETHYLENE 

62 

26 

784 

291 

14 

FILLED  EVA 

173 

1048 

24 

415 

11 

FILLED  POLYOLEFIN 

657 

373 

776 

668 

4 

FILLED  EVA 

16 

604 

1362 

627 

S 

INTUMESCENT  PP 

628 

366 

776 

663 

IS 

filled  polyolefin 

1264 

519 

207 

663 

10 

FILLED  POLYOLEFIN 

420 

361 

»228^ 

>1023 

2S 

POLYETHYLENE  WITH  Br 

2409 

2260 

>2424* 

>2362 

2 

Cl  POLYOLEFIN 

>2496* 

*259<f 

- 

>2600* 

3 

Cl  POLYOLEFIN 

•2515* 

.2564* 

- 

>2600* 

IS 

POLYETHYLENE  WITH  Cl 

>2616* 

>2423* 

*2567* 

>2600* 

17 

A  PVdF • 

•2447* 

>2492* 

‘2575* 

>2500* 

IS 

A  PTF£“ 

•2462* 

>2589* 

>2419* 

>2500* 

19 

A  PVC 

>2324* 

>2312* 

>2444* 

>2500* 

20 

A  PVC 

>2545* 

>2647* 

>2545* 

>2500* 

•  t  X  1  X  «/*  >N  »PECIMEN»  W(KE  TESTED  Ait  OTHEfl  »PEC>WEN»  WERE  >  X  2  X  1/i  'H. 

»  UtUi.  LCDS  WENT  OFF'DCALE  FftOti  COUFktTiLV  COAMOOlO 

Table  III.  Corrosion  as  defined  by  metal  losf 
after  complete  test  period.  2500  A 
probes  were  corroded. 


Table  HI  lists  the  total  metal  loss,  expressed 
in  angstroms,  for  each  material  run  in 
triplicate  with  2500  A  probes.  The  metal  loss 
for  the  60  min.  exposure  period,  the  24  h  high 
humidity  period,  and  the  6  day  low  humidity 
periods  are  added  to  reach  the  total  metal  loss. 
Thus,  the  total  metal  loss  over  the  entire  1  h 
and  7  day  test  is  tabulated  for  each  of  the 
three  test  specimens  of  each  sample. 

The  data  show  that  the  samples  can  be 
differentiated  as  to  their  corrosive  potentials. 
The  polyether imide  (PFPC-6),  metal  hydrate 
filled  polyolefins  (PFPC-12,  1,  11,  and  4), 
intumescent  polypropylene  (PFPC-8),  polyolefin 
resin  (PFPC-21),  and  Douglas  fir  (PFPC-22)  all 
gave  relatively  low  corrosive  results.  The 
metal  loss  for  these  samples  ranged  from  66  to 
663  A.  The  metal  loss  values  greater  than  a  few 
hundred  angstroms  suggest  that  some  minor 
amounts  of  corrosion  occurred.  For  example, 
PFPC-11,  4,  and  8  appear  to  produce  some  minimal 
corrosion,  since  the  metal  loss  averaged  around 
500  A.  This  would  need  to  be  substantiated  by 
repeating  the  runs  and  using  statistical  data 
analysis  to  decide  if  these  slight  corrosion 
values  are  meaningful. 

The  other  materials  illustrated  in  Figure  5, 
PFPC-25,  17,  19,  and  20,  gave  high  corrosion 
values.  They  caused  considerable  metal  loss,  as 
they  went  off-scale,  often  before  the  first  60 
min.  had  expired.  The  values  tabulated  for 
these  materials  are  the  maximum  readings 
permissible  for  the  probes,  as  calibrated  by  the 
manufacturer.  So,  in  most  cases,  the  data  are 
tabulated  as  simply  greater  than  the  upper 
detectable  probe  limit. 
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All  samples  in  Table  III  were  run  as  2  x  2  x  1/8 
in.  plaques,  except  for  samples  PFPC-17  and  18, 
which  were  run  as  1  x  1  x  1/8  in.  plaques.  The 
reduced  specimen  size  was  used  because  of  safety 
concerns  expressed  by  the  testing  laboratory, 
specifically  regarding  the  toxicity  of  the 
combustion  gases.  Even  with  the  reduced 
specimen  size,  this  polymeric  material  gave  very 
high  corrosion. 


Metal  Loss  Purina  Each  Test  Period 

Table  IV  lists  the  percent  corrosion  that 
occurred  during  the  3  experimental  time  periods 
for  the  samples.  The  percent  corrosion  is 
tabulated  for:  1}  the  60  min.  period  that  the 
probe  was  exposed  to  the  combustion  gases,  2) 
the  24  h  at  75%  relative  humidity,  and  3)  the  6 
days  at  35%  relative  humidity.  These  data  show 
considerable  differences  as  to  when  the 
corrosion  occurred  for  each  sample. 


Other  low  corrosive  samples,  however,  show  that 
a  significant  percent  of  the  corrosion  occurred 
within  the  75%  relative  humidity  time  period. 
In  some  samples,  a  large  portion  of  the 
corrosion  occurred  during  the  6  day,  lower 
humidity  period.  Samples  PFPC-21  and  11,  for 
example,  exhibited  over  half  of  their  corrosion 
during  the  6  day  period.  Sample  PFPC-6,  on  the 
other  hand,  exhibited  equal  amounts  of  corrosion 
during  the  60  min.  exposure,  the  24  h  at  75% 
relative  humidity,  and  the  6  days  at  35% 
relative  humidity.  It  should  be  emphasized  that 
the  total  corrosion  for  these  samples  was 
minimal,  so  that  when  the  corrosion  occurred  is 
not  as  meaningful  as  the  total  corrosion  values. 
These  results  do  demonstrate  that  running  a 
corrosion  experiment  for  only  a  short  period  may 
not  indicate  the  entire  corrosive  potential  of 
the  polymeric  material. 


Evaluation  of  Different  Probes 


PFPC  M/e.  METAL  %  METAL  LOSS  DURtNQ 


NO. 

SAMPLE 

1.0SS(A  ) 

60  MIN 

24  H 

6  DAYS 

6 

POLYETHERIMIDE 

66 

31 

38 

31 

12 

FILLED  POLYOLEFIN 

76 

67 

17 

16 

23 
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93 

66 

22 

12 

5 

PPO/PS 
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31 

49 

20 

22 
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75 

10 

15 

7 

PEI/SILOXANE 
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22 

45 

33 

1 
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1  205 

38 

47 

15 

24 

NYLON  6.6 

198 

88 

6 

6 

13 

FILLED  POLYOLEFIN 

219 

61 

24 

15 

21 

POLYETHYLENE 

291 

23 

27 

50 

14 

FILLED  EVA 

415 

63 

18 

19 

11 

FILLED  POLYOLEFIN 

568 

17 

30 

55 

4 

filled  EVA 

627 

20 

29 

51 

8 

INTUMESCENT  PP 

663 

82 

13 

5 

15 

filled  POLYOLEFIN 

663 

13 

47 

40 

10 

FILLED  POLYOLEFIN 

>  1023 

70 

22 

8 

25 

POLYETHYLENE  WITH  Br 

>  2362 

96 

2 

2 

2 

C!  POLYOLEFIN 

■ asoo" 

100 

- 

- 

3 

Cl  POLYOLF.^IN 

b 

•  2500 

100 

- 

- 

16 

polyethylene  with  Cl 

‘  2500** 

100 

- 

- 

17 

A  PVflF* 

b 

»  2500 

100 

- 

- 

18 

A  PTFE* 

b 

>  2500 

100 

- 

- 

19 

A  PVC 

>  2600^ 

100 

- 

- 

20 

A  PVC 

•  2500^ 

100 

- 

- 

a  1  •  I  ■  IM  aPSCIMtMf  WfHt  TtaTfC  Akt  OTHIN  a^iOMCN 

buiTAL  koaa  wcmt  off  acALf  Fnoat  comfli tilv  coHtODfo 


Table  IV.  Percent  of  corrosion  occurring 
during  test  periods. 


In  general,  the  high  corrosion  materials  show 
nearly  complete  corrosion  of  the  2500  A  probe 
during  the  1  h  exposure  period.  In  fact,  many 
of  the  high  corrosion  samples  in  Table  IV 
exceeded  the  corrosion  limit  of  the  probe  within 
the  first  60  min.  This  might  be  expected  due  to 
the  highly  corrosive  hydrogen  halides  formed, 
which  react  with  the  moisture  in  the  atmosphere 
to  form  hydrochloric,  hydrobromic,  or 
hydrofluoric  acids.  These  acids  would  be 
expected  to  rapidly  and  severely  corrode  the 
copper  probes. 


While  most  of  the  corrosion  results  were 
obtained  with  2500  A  probes,  several  specimens 
were  evaluated  with  25,000  A  probes.  This  was 
primarily  done  to  measure  the  corrosion  of  the 
samples  that  completely  destroyed  the  2500  A 
probes.  The  data  for  these  runs  are  tabulated 
in  Table  V.  Figure  6  illustrates  the  corrosion 
for  sample  PFPC-20,  in  which  both  2500  A  and 
25,000  A  probes  were  used.  The  two  probes 
generally  correlate,  as  there  appears  to  be  a 
linear  relationship  between  them. 


kwm. 


PfPC 

ttna  1 

M»t4l  Lo»m 

ttun  2 

(A) 

»ua  3 

Natal 

LoaatAl 

i« 

POl.YOI.2rill  VITH  CL 

2275 

1100 

14i8 

20 

A  PVC 

1625 

2175 

2000 

2 

CL  POLYOLKPIH 

2562 

2443 

2522 

19 

A  PVC 

4213 

2174 

X*62 

27»0 

$ 

CL  POLYOLSPIV 

3463 

3275 

2043 

2*34 

Table 

V.  Corrosion 

as 

defined 

by  metal 

loss 

fter  complete  test  period.  25,000 
>  probes  were  corroded. 


Figure  6.  Corrosion  caused  by  combustion  of 
sample  PFPC-20  (2500  A  probes  versus 
25,000  A  probes). 
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Corrosion  occurred  more  slowly  with  the  25,000  A 
probes  than  the  2500  A  probes  for  this  sample. 
This  may  be  explained  by  the  different  copper 
film  morphologies  for  the  two  probes.  The  2500 
A  probes  consist  of  copper  films  on  glass  that 
are  formed  by  a  physical  vapor  deposition 
technique  known  as  sputtering.  Copper  films 
produced  in  this  manner  often  display  large 
columnar  crystals  perpendicular  to  the  plane  of 
the  sputtered  substrate,  in  this  case  the  glass 
base.  The  bulk  density  of  such  a  film  is  always 
lower  than  the  bulk  density  of  copper  metal,  due 
to  the  cracks  and  fissures,  or  lattice  defects, 
in  the  copper  film. 

The  25,000  A  probes  are  constructed  of  copper 
foil  on  circuit  board  substrates.  The  copper 
foil  has  the  same  bulk  density  as  copper  metal, 
as  there  are  less  lattice  defects  in  the  film. 
These  thicker  probes,  then,  would  be  expected  to 
corrode  at  a  slower  rate  than  the  sputtered, 
2500  A  probes.  In  addition,  the  lattice  defects 
in  the  2500  A  probes  make  these  probes  more 
susceptible  to  spot  corrosion.  Should  this 
occur,  the  resistance  change  of  the  probe  would 
be  substantial,  even  though  only  a  small  portion 
of  the  copper  probe  would  have  actually  been 
corroded . 

Influence  of  Sample  size 

To  investigate  the  effect  of  specimen  size, 
sample  PFPC-19  was  evaluated  as  1  x  1  x  1/8  in. 
plaques  and  also  as  2  x  2  x  1/8  in.  plaques.  As 
illustrated  in  Figure  7,  the  larger  specimen 
more  readily  corroded  the  2500  A  probe. 
However,  even  the  1  x  1  x  1/8  in.  plaque 
completely  corroded  the  probe  before  the  full  60 
min.  exposure  period.  Also,  it  should  be 
pointed  out  that  the  larger  specimen,  although  4 
times  the  mass  of  the  smaller  specimen,  did  not 
corrode  the  probe  4  times  as  much  or  4  times  as 
fast.  More  experimental  work  is  needed  to 
quantify  the  absolute  effect  of  specimen  size. 
These  results  in  Figure  7  do  show,  however,  that 
sample  PFPC-19  is  highly  corrosive,  even  at  the 
smaller  specimen  size. 
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Figure  7.  Corrosion  caused  by  combustion  of 
sample  PFPC-19  (1  x  1  x  1/8  in. 
versus  2  x  2  x  1/8  in.  specimens, 
2500  A  probes). 


Weight  Loss 

The  average  weight  loss  for  the  three  specimens 
of  each  sample  is  listed  in  Table  VI.  These 
results  were  collected  to  measure  the  amount  of 
decomposition  for  each  specimen.  All  samples 
showed  extensive  decomposition,  although  some 
did  not  actually  combust  in  a  flaming  mode. 
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Table  VI.  Percent  mass  losses  and  analysis  of 
exposure  chamber  gases. 


Sample  PFPC-21  exhibited  nearly  100%  weight 
loss,  as  expected,  since  it  does  not  contain 
fillers  that  could  leave  ash  after  combustion. 
Sample  PFPC-12,  though,  contains  a  mineral 
filler  and  it  was  expected  to  show  some,  but  not 
complete,  weight  loss.  This  was  indeed  the  case 
with  this  material. 

It  should  be  noted  that  for  seven  of  the  nine  1 
X  1  in.  specimens,  flaming  combustion  was  either 
not  visually  observed  or  was  uncertain.  It  is 
not  clear  whether  this  is  a  function  of  the 
material  tested,  the  specimen,  or  the  observers 
ability  to  detect  the  flame.  Still,  the  weight 
loss  data  for  these  specimens  show  that 
significant  decomposition  did  occur.  The  weight 
loss  data  for  all  samples  tested  generally  show 
the  results  expected,  knowing  the  composition  of 
each  material. 

Analvais  of  Exposure  Chamber  Gases 

The  minimum  oxygen  percents  observed  during 
decomposition  are  listed  in  Table  VI.  The 
oxygen  level  remained  sufficiently  high  so  that 
the  combustion  characteristics  were  not  changed 
during  each  run.  The  mean  oxygen  level  for  all 
2  x  2  X  1/8  in.  specimens  was  16.5%  with  a 
sample  average  range  of  13.6  to  18.3%.  The 
lowest  oxygen  level  observed  on  any  single  2x2 
X  1/8  in.  specimen  was  12.7%  for  specimen  2  of 
sample  PFPC-21.  The  mean  value  for  the  three 


354  International  Wire  &  Cable  Symposium  Proceedings  1991 


specimens  of  this  sample  was  14.3%.  Carbon 
monoxide  and  carbon  dioxide  levels  were  also 
determined  during  each  experimental  run  and  the 
average  values  are  listed  in  Table  VI. 

Reproducibility  of  Results 

The  reproducibility  of  any  test  method  being 
prepared  for  standardization  should  be 
determined.  Consequently,  the  data  collected 
were  scrutinized  to  determine  any  variation,  and 
the  results  show  that  the  precision,  or 
reproducibility,  of  this  proposed  ASTM  f:05.21.70 
test  could  be  improved.  This  comment  should  be 
tempered,  though,  by  acknowledging  that  the  test 
method  was  developed  to  define  a  broad  corrosion 
range.  The  thin  2500  A  probes,  in  particular, 
are  designed  to  show  large  differences  in 
corrosive  potential  from  sample  to  sample.  So, 
a  small  amount  of  data  scatter  would  be 
anticipated  for  this  test  method. 

Still,  the  causes  of  variation  in  data  should  be 
investigated,  as  the  scatter  is  larger  than 
desired.  Some  samples  did  give  relatively 
consistent  metal  loss  with  different  specimens, 
although  other  samples  showed  considerable 
variation.  For  example,  samples  PFPC-12,  6,  and 
22  gave  relatively  similar  results  with 
different  specimens.  Sample  PFPC--4,  however, 
gave  somewhat  variable  results,  as  the  total 
metal  loss  ranged  from  15  to  1362  A,  a  very  wide 
spread  for  three  specimens.  Even  sample  PFPC- 
21,  the  standard  unfilled  polyethylene 
homopolymer,  gave  some  spread  in  the  results. 

There  are  several  potential  causes  of  the 
scatter  in  the  data  which  merit  further 
investigation.  An  implicit  assumption  in  this 
test  method  is  that  the  copper  film  is  corroded 
uniformly  throughout  the  experiment.  Any  spot 
corrosion  of  the  copper  film  would  dramatically 
alter  the  resistance.  This  would  lead  to 
inaccurate,  high  results  in  the  observed  metal 
loss,  which  is  recorded  as  the  average  copper 
loss  over  the  entire  probe. 

All  probes  were  visually  examined  after  each 
test,  and  no  catastrophic  spot  corrosion  was 
observed.  So,  the  assumption  of  uniform 
corrosion  seems  to  be  valid  for  most  of  the 
corrosion  experiments.  Copper  films  produced  by 
sputtering  are  not  as  dense  as  bulk  copper,  as 
already  mentioned,  so  the  possibility  of 
microscopic  spot  corrosion  is  possible. 
Detailed  electron  microscopy  studies  would  need 
to  be  performed  to  determine  whether  spot 
corrosion  had  occurred. 

If  lattice  defects  in  the  copper  film  were  the 
cause  of  spot  corrosion  and  subsequent  data 
variation,  this  should  be  eliminated  or  reduced 
by  using  the  25,000  A  probes.  Samples  PFPC-16 
and  19,  which  were  combusted  with  25,000  A 
probes,  also  showed  considerable  scatter  in  the 
data,  however.  This  suggests  that  the  sputtered 
film  is  not  the  sole  cause  of  the  data  scatter. 
A  complete  statistical  analysis  of  repeated  runs 
would  be  needed  to  definitively  assess  the 
effect  of  the  copper  film  morphology. 

Pyrolysate  matter  generated  during  combustion 
could  lead  to  uneven  results,  especially  since 
the  probes  were  positioned  face-upward  in  the 
exposure  chamber.  Indeed,  many  of  the  probes 
were  coated  with  a  layer  of  particulate  matter 
after  specimen  decomposition.  The  individual 
copper  legs  comprising  the  circuit  of  the 
Rohrback-Cosasco  probe  are  separated  by 
approximately  1.5  mm.  which  makes  bridging 
between  the  copper  legs  difficult.  Bridging 
thus  does  not  seem  to  be  a  problem  with  these 


probes.  Single  combustion  particles  contacting 
the  copper  legs  could  give  high  spot  corrosion 
and  cause  reproducibility  problems.  No  severe 
spot  corrosion  from  smoke  particles  was  visually 
observed,  however,  suggesting  that  this  was  not 
a  problem. 

while  differences  in  specimen  preparation  can 
always  cause  experimental  error,  this  does  not 
appear  to  be  a  main  source  of  data  scatter  in 
this  study.  To  limit  this  type  of  experimental 
error,  specimens  were  prepared  from  the  same 
lots  of  materials.  The  specimens  of  each  sample 
were  prepared  at  the  same  time  and  under  the 
same  laboratory  conditions.  In  most  cases,  the 
2  X  2  in.  specimens  were  cut  out  of  larger 
single  plaques  to  minimize  the  effects  of  sample 
preparation. 

Differences  in  combustion  do  not  seem  to  be  the 
cause  of  differences  in  run  to  run. 
Decomposition  parameters  were  closely 
controlled,  as  described,  and  kept  constant  for 
all  experiments.  In  addition,  the  mass  losses 
recorded  are  fairly  consistent  with  a  given 
sample  set,  so  this  does  not  seem  to  explain  the 
data  variation. 

To  better  define  the  reproducibility  of  this 
test,  sample  PFPC-21  was  run  6  times,  so  that  a 
reasonable  statistical  treatment  of  the  data 
could  be  performed.  The  total  metal  loss  data 
for  these  runs  are  detailed  in  Table  VII.  The 
average  total  metal  loss  was  170  A  and  the 

standard  deviation  was  303  A.  Excluding  the 
data  from  run  3,  which  was  very  high,  the 
average  metal  loss  was  47  A  and  the  standard 
deviation  was  42  A.  These  values  were  only 
determined  for  one  sample,  and  standard 
deviation  would  not  need  to  be  determined  for 
all  samples  evaluated  in  this  study  to  best 

determine  the  reproducibility  of  this  test. 

fm  yg.  TOTAL  METAtJC^Se  ik) 

1  62 

2  26 

3  764 

4  116 

5  16 

6  17 

Average  =  170  =  47  * 

Standard  Deviation  =  303  =  42  * 

*  Excluding  run  3. 

Table  VII.  Metal  loss  and  standard  deviation 

for  PFPC-21. 


CONCLUSIONS  AND  RECOMMENDATIONS 

The  tesw  prcLocoi  being  proposed  by  ASTM 
EOS. 21.70  does  differentiate  the  corrosive 
potentials  of  polymeric  materials.  The  25 
samples  evaluated  in  this  study  exhibited  a  wide 
range  of  corrosivity,  demonstrating  that  this 
radiant  combustion  test  method  does  have  the 
desired  sensitivity  to  distinguish  materials. 

An  important  feature  of  this  test  method  is  that 
different  types  of  polymeric  specimens  can  be 
evaluated.  In  this  work,  the  corrosive 
potentials  of  polymeric  specimens  in  the  form  of 
plaques  were  determined.  Other  work  has  shown 
that  corrosive  potentials  of  electric  cable 
specimens  can  also  be  determined.^ 
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The  reproducibility  of  this  test  merits  some 
attention,  as  the  results  show  some  scatter  in 
the  data.  Test  parameters,  such  as  the  sample 
size  and  the  positioning  of  the  probe  in  the 
exposure  cheunber,  could  be  investigated  further 
to  improve  the  test  method.  The  copper  probes 
used  deserve  particular  attention,  as  more 
precise  knowledge  of  the  copper  thicknesses  and 
more  in-depth  understanding  of  the  resistance 
change  as  defined  in  metal  loss  are  warranted. 

The  25  polymeric  materials  evaluated  in  this 
study  will  next  be  evaluated  with  the  CNET  ISO 
TC61/SC4/WG2  corrosivity  test,  the  DIN  57472 
acid  gas  test,  and  the  cone  calorimeter 
corrosivity  test  (DyGST)  being  proposed  by  ASTM 
D09.21.04.  As  a  long  range  goal,  the 
Polyolefins  Fire  Performance  Council  intends  to 
investigate  total  risk  assessment  of  fire 
situations,  by  including  the  smoke  corrosivity 
results  obtained  in  this  program. 
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PLENUM  CABLE  FOR  THE  90*8  -  MEN  CONCERNS  FOR  NEW  DEMANDS 


by 

Richard  J.  Rockosi 


Ausimont  USA  Inc. 

PO  Box  1838 

Morristown,  New  Jersey  07962-1838 


ABSTRACT 

Historically,  the  primary  consideration 
for  selecting  an  insulation  material  for 
use  in  plenum  areas  has  been  its  flame  and 
smoke  performance  when  tested  fjr 
compliance  to  UL  910  (the  Steiner  Tunnel 
Test,'  and  UL  444  requirements. 

With  the  increased  use  of  these  UTP  cables 
for  high  speed  data  transmission  as  well 
as  telephone  communications,  factors  in 
addition  to  smoke  and  flame  performance 
must  be  considered  to  assure  system 
integrity. 

This  paper  describes  the  results  of  a 
series  of  environmental  tests  designed  to 
evaluate  the  electrical  stability  of 
typical  plenum  cables  at  elevated 
temperatures. 


The  plenum  wiring  concept,  as  we  know  it 
today,  was  established  14  years  ago  as  a 
FIRE  SAFETY  and  LIFE  SAVING  measure.  This 
concept  developed  as  a  result  of  a  near 
disastrous  fire  which  occurred  in  a 
Telephone  Company  office  in  the  early 
1970's. 

During  the  early  stages  of  plenum 
development,  the  only  materials  meeting 
the  critical  low  flame  spread  and  smoke 
generation  requirements  for  these  cables 
were  the  high  temperature,  f luoropolymer 
materials  such  as  ECTFE,  FEP  and  PVDF. 

As  material  development  grew  more 
sophisticated,  other,  more  temperature 
dependent  materials  such  as  PVC  and 
SMOKEGUARD*  were  permitted  for  plenum 
applications  -  usually  with  f luoropolymer 
jacketing. 

During  the  1980 's  the  many  of  these  cables 
were  used  for  telacommunications  and  some 
low  speed  data  transmission  in  the  kilobit 
range. 


Today  and  into  the  90 's,  the  widespread 
use  of  UTP  cables  for  data  as  well  as 
telephone  communications  is  making 
transmission  quality  -  as  effected  by 
electrical  stability  -  more  critical. 

UTP  plenum  cables  now  support  a  large 
number  of  high  speed  data  systems. 

Among  these  are: 

DEC  Connect 
HP 

IBM  Type  3 
Protecn  3 
Synoptics 

10  BaseT  &  STARLAN  10 
Wang  Net 
3  COM 

T1  -  DSl  Rate 
Token  Ring  4  MHz 
Token  Ring  16  MHz 

Cabling  for  these  systems  meet  attenuation 
and  other  requirements  for  frequencies  up 
to  16  MHz. 

Industry  specifications  currently  in  the 
draft  stages  are  extending  frequency 
ranges  to  100  MHz. 

These  increased  performance  requirements 
will  place  more  demands  on  the  cable 
design  engineer  in  the  future.  They  will 
also  place  added  responsibilities  upon  the 
specifyer  or  purchaser  as  they  will  not  be 
just  specifying  plenum  cables  that  meet 
the  code  (National  Electric  Code  -  NEC) . 
They  must  also  meet  the  performance 
requirements  of  current  as  well  as  future 
systems . 


International  Wire  &  Cable  Symposiun,  Proceedings  1991  357 


B3cause  of  the  critical  demands  of  high 
speed  data  transmission,  more  than  flame, 
smoke,  and  even  base  electrical 
requirements  must  be  considered  when 
selecting  cables. 

For  instance,  the  electrical  properties 
of  some  dielectric  materials  are  known  to 
become  unstable  or  change  dramatically 
when  exposed  to  elevated  temperatures  such 
as  may  be  encountered  in  plenums  and  other 
wiring  spaces. 

Industry  specifications  such  as 
IEEE  802. 3’  and  EIA/TIA  568^  contain 
engineering  notes  calling  attention  to  the 
increase  in  attenuation  loss  when  using 
cables  containing  temperature  dependent 
materials  such  as  PVC  at  elevated 
temperatures . 

DRAFT  SUPPLEMENT  TO  IEEE  STD.  802.3 
TYPE10BASE-T 

Para:  14.4.2.1  Attenuation 
"NOTE:  Multi-pair  PVC  insulated  0.5  mm  (24 
gauge)  cable  typically  exhibits  an  attenuation  of  8 
to  10  dB  per  100  m  at  20  C.  The  loss  of  PVC  insu¬ 
lated  cable  exhibits  significant  temperature  de¬ 
pendence.  At  temperatures  greater  than  40  C,  it 
may  be  necessary  to  use  less  temperature-depen¬ 
dent  cable,  such  as  most  plenum  rated  cables." 


ETA/TIA  STANDARDS  PROPOSAL  NO.  1907B 
(EIA/TIA  568)  PROPOSED  NEW  STANDARD 
“COMMERCIAL  BUILDING 
TELECOMMUNICATIONS  WIRING  STANDARD” 

Para.  10.2.1.2.5  Attenuation 
“NOTE:  The  attenuation  of  some  UTP  cables,  such 
as  PVC  insulated  cables,  exhibit  a  significant  tem¬ 
perature  dependence.  A  temperature  coefficient  of 
1.5%  per  degree  Celsius  is  not  uncommon  for  such 
cables.  In  particular  installations  where  the  cable 
will  be  subjected  to  higher  temperature:-.,  a  less- 
temperature  dependent  cable  may  be  required.” 


To  measure  the  effect  of  temperature  and 
frequency  on  the  electrical  stability  of 
cable  insulating  materials,  Ausimont 
conducted  a  series  of  tests  at  GTE 
Testmark  Laboratories  in  Lexington, 
Kentucky  on  typical  plenum  cables  at 
several  temperatures  and  transmission 
frequencies. 

Twenty-seven  four  pair  plenum  cable 
constructions  were  tested  for  attenuation, 
characteristic  impedance  and  near-end 
crosstalk  at  temperatures  of  23 'C,  40 °C, 
50'C,  and  67 ’C. 


All  cables  tested  were  24  AWG,  1000-foot 
lengths  purchased  randomly.  The  cables 
utilized  PVC,  Smokeguard,  and 
f luoropolymer  materials  as  insulation.  All 
cables  were  tested  concurrently,  on  reel, 
in  the  same  environmental  chamber. 


Results 

The  following  graphs  show  the  results  of 
attenuation  vs.  temperature  at  1,  4,  10, 
and  16  MHz. 

As  test  temperatures  increased, 
attenuation  values  for  the  non- 
f luoropolymer  materials  increased 
dramatically.  At  1  MHz,  the  attenuation 
increased  23%  from  23 "C  to  50 °C  compared 
to  less  than  5%  for  the  f luoropolymer 
insulated  cables.  At  67 °C,  attenuation 
values  increased  between  34%  and  48% 
compared  to  a  7%  increase  obtained  on  the 
f luoropolymer  insulated  cables. 

More  dramatic  increases  in  attenuation  for 
the  non-f luoropolymers  were  exhibited  at 
higher  frequencies.  For  example,  at  16  MHz 
and  23 ’C,  the  difference  in  attenuation 
between  non-f luoropolymers  and  the 
f luoropolymers  was  14  db.  At  23 'C  and 
1  MHz,  the  differences  were  only  2  db 
illustrating  the  effects  of  higher 
frequencies  when  compared  to  f luoropolymer 
materials . 

Attenuation  values  recorded  at  the  highest 
temperature  and  frequency  tested 
(67'C  &  16MHZ)  demonstrate  the  significant 
combined  impact  of  temperature  and 
frequency  on  transmission  signals  carried 
by  non-f luoropolymer  insulating  materials. 
Attenuation  values  for  the  non- 
f luoropolymer  materials  were  in  th  '  range 
of  70  db.  At  the  same  conditions,  che 
maximum  value  recorded  for  the 
fluoropolymer  insulating  materials  was 
36  db  -  still  significantly  below  the 
industry  standard  of  40. 


CONCLDSION8 


From  these  studies,  it  is  clear  that  the 
attenuation  levels  of  many  non- 
f luoropolymer  materials  are  severely 
affected  by  temperature,  and  that  this 
impact  is  magnified  as  temperature  and 
frequency  increase. 

Random  temperature  excursions  affecting 
signal  quality  can  lead  to  system  problems 
not  easily  detected  such  as  increased  bit 
error  rate  and  system  slowdown.  This  can 
lead  to  excessive  system  down  time  along 
with  additional  costs  related  to  system 
trouble  shooting. 
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Concern  for  electrical  stability  at 
elevated  temperatures  has  been  recognized 
by  the  IEEE  802.5  Plenary  Committee  and 
the  EIA/TIA  work  group  responsible  for 
establishing  Premise  Wiring  requirements 
in  EIA/TIA  568.  Articles  appearing  in 
recent  issues  of  various  trade  magazines 
have  also  referred  to  consequences  of 
attenuation  losses  related  to  elevated 
temperature  exposure. 

As  the  emphasis  on  increased  operating 
frequencies  for  UTP  plenum  data  cables 
continues  into  the  90 's,  the  effects  of 
elevated  temperature  on  the  transmission 
media  must  be  taken  into  account. 

To  insure  that  the  end  user  is  receiving 
the  quality  of  cabling  demanded  of  the 
90 's  we  would  encourage  you  as  end  users, 
government  and  commercial  agencies  as  well 
as  manufacturers,  to  solicit  and  support 
required  elevated  temperature  testing  as 
part  of  specification  requirements  for  all 
categories  of  cable  used  for  data 
transmission. 
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*  SM0KE6UARD  is  a  registered  trademark  of  Gary  Corporation  for  a 
patented  insulation  and  jacketing  material  supplied  ty  Gary 
Corporation,  Leominster,  Ma. 


AHENUATION  VS  TEMPERATURE 


1  MEG  HZ 


10  MEG  HZ 


4  MEG  HZ 


16  MEG  HZ 
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Abstract 

Traditionally,  fluoropolymer  based  jacketing  materials  have 
been  used  over  constructions  for  plenum  cable  applications. 
However,  recent  advances  in  PVC  flame  and  smoke 
suppression  technology  have  enabled  PVC  based 
compounds  and  alloys  to  replace  fluoropolymers  in  many  of 
these  applications.  The  first  PVC  compounds  developed  for 
the  plenum  jacket  applications  were  major  breakthroughs 
and  found  acceptance  in  many  plenum  cable  constructions. 
However,  as  with  any  new  breakthrough,  there  were  some 
constructions  which  would  not  meet  the  requirements  for 
plenum  cable  when  these  first  generation  PVC  compounds 
were  used  as  the  jackets.  Other  areas  of  weakness  also 
became  apparent  as  these  compounds  gained  wider  use, 
including  physical  properties  that  were  marginal  for  some 
applications  and  processing  variability  in  extruding  these  new 
materials.  Therefore,  a  development  project  to  improve  the 
physicals,  flame  and  smoke  properties  and  consistency  of 
plenum  rated  PVC  jacket  materials  was  undertaken.  This 
paper  describes  that  project  and  its  results. 


Introduction 

The  plenum  area  referred  to  in  this  paper  is  the  space 
between  the  drop  ceiling  and  the  floor  above  found  in  most 
of  today's  modem  office  buildings.  This  area  is  commonly 
used  as  a  horizontal  network  for  office  wiring  systems.  The 
ease  of  cable  installation  in  these  areas,  coupled  with  the 
ability  to  quickly  reconfigure  cable  networks  located  in  these 
areas,  has  let  to  an  increase  in  popularity  for  plenum  cable 
products.  In  1975,  the  National  Rre  Protection  Association, 
via  the  National  Electric  Code,  began  adopting  standards  for 
the  installation  of  cable  in  plenum  spaces.  Initially,  all  cables 
located  in  plenum  areas  had  to  run  through  metal  conduit. 
In  1978  the  regulations  were  altered  to  permit  certain  cable 
constructions  to  be  installed  in  plenum  areas  without  conduit. 
This  change  was  instrumental  in  the  development  of  today's 
plenum  cable  market. 

The  NEC  code  called  for  a  construction  to  meet  the 
Underwriters  Laboratory  Standard  UL  910  in  order  to  quality 
for  use  in  a  plenum  without  being  placed  In  a  conduit.  This 
standard  is  a  modified  ASTM  E84  Steiner  Tunnel  test.  The 


test  uses  the  Steiner  Tunnel  with  a  tray  for  the  cables  placed 
inside.  The  test  is  for  20  minutes  instead  of  the  10  minutes 
called  for  in  E84.  The  Tunnel  itself  is  a  chamber  25'  long,  18" 
wide  and  12"  high.  The  tray  is  25'  long  by  1 1 .25"  wide.  The 
cables  are  placed  side  by  side  on  the  tray  and  subjected  to 
a  300,000  BTU/hr  flame  for  20  minutes.  A  240  cubic  ft./min. 
airflow  is  maintained  in  the  chamber  throughout  the  test. 
When  the  test  begins,  the  flame  engulfs  the  first  4.5'  of  the 
cable.  The  distance  the  flames  travels  past  this  point  is 
noted  by  the  operator  and  recorded  over  the  time  period. 
The  Tunnel  is  also  instrumented  to  record  the  smoke 
generated  and  this  is  recorded  over  the  time  of  the  test.  To 
qualify  for  use  in  a  plenum  the  cables  being  tested  must 
convey  the  flame  less  than  5'  past  the  point  where  the  burner 
impinges  on  the  cable,  have  a  peak  smoke  of  less  than  0.5 
and  an  average  smoke  of  less  than  0.15.  These  last  two 
values  correspond  to  70%  and  30%  light  transmission 
respectively. 

When  this  standard  was  first  adopted,  the  only  materials 
capable  of  being  used  in  cable  constructions  which  met  the 
requirements  of  the  standard  were  fluoropolymer  based 
materials.  Although  these  materials  worked  quite  well  as  far 
as  their  flame  and  smoke  properties  were  concerned,  they 
were  stiff  and  difficult  to  install  in  certain  situations.  They 
were  also  expensive  and  an  overkill  as  far  as  temperature 
requirements  were  concerned. 

Originally  polyvinylchloride  (PVC)  based  formulations  were 
not  even  considered  for  plenum  cable  constructions.  This 
was  because  although  PVC  has  better  flame  retardant 
properties  than  many  polymers,  it  generated  large  amounts 
of  smoke  when  involved  in  a  fire.  New  smoke  suppressants, 
flame  retardant  plasticizers  and  alloying  techniques  led  to  the 
development  of  PVC  based  materials  which  could  be  used  as 
jackets  on  some  constructions  and  would  meet  the 
requirements  of  the  UL  910  standard.  Installers  found  the 
PVC  jacketed  cables  easier  to  install  and  work  with  than  the 
fluoropolymer  jacketed  cables. 

As  is  usual  with  new  developments,  the  first  PVC's  developed 
for  this  application  had  some  drawbacks.  They  could  not  be 
used  in  all  the  constructions  to  replace  the  fluoropolymer 
jacket  materials,  their  physical  properties  were  borderline  in 
meeting  the  requirements,  and  they  were  prone  to  be  difficult 
to  process.  That  is  they  lacked  the  consistency  desired  to 
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make  manufacturing  cables  using  them  a  routine  event.  TABLE  II 

Development  was  undertaken  to  improve  on  these  first 

generation  materials  in  the  areas  mentioned  above.  SECOND  TRIAL  FORMULATION 


Experimental 

Two  screening  tests  were  chosen  to  aid  in  the  development 
of  an  improved  PVC  plenum  formulation.  To  determine  the 
smoke  characteristics,  the  NBS  Smoke  Chamber  was  used 
to  measure  the  degree  of  flame  retardancy  and  the  Limited 
Oxygen  Index  (LOI)  was  measured.  Many  experimental 
formulations  were  mixed,  most  of  these  formulations  were 
rejected  before  being  screened  by  these  tests  because  of 
poor  physicals  or  poor  agings.  Examples  of  some  of  these 
trials  are  shown  in  Table  I  below.  Formulations  were  tried 
using  some  blending  of  PVC  with  other  polymers  such  as 
chlorinated  polyethylene  (CPE)  and  chlorinated  polyvinyl 
chloride  (CPVC).  However,  due  to  difficulty  in  mixing,  poor 
physicals  and  the  advent  of  better  smoke  and  flame 
suppressants  for  these  applications  the  final  trials  were 
concentrated  on  only  PVC  based  resin. 


Inoredient-PHR  4 


PVC  Resin  F 

Phosphate  Plasticizer  I 

Plasticizer  R 

Brominated  Plasticizer  S 

Phosphorous  Plasticizer  T  P 

Epoxidized  Soybean  Oil  L 

Aluminum  Trihydrate  G  E 

Ammonium  Octamolybdate  E  N 

Lead  Phthalate  N  U 

Stearic  Acid  E  M 

Vi/ax  R 

Experimental  Ingredient  A  A 


T 

I 

0 

N 

LOI  (%)  52.8 

Smoke  Density  (DM/G)  21 


100 

0 

42 

0 

15 

3 

30 

30 

7 

0.5 

0.5 

0 


40 

38 


6 

100 

30 

0 

20 

0 

3 

30 

30 

7 

0.5 

0.5 

7 


49.1 

20 


TABLE  I 


PRELIMINARY  FORMULATIONS 


INGREDIENT-PHR  J 

PVC  Resin  100 

Chlorinated  Polyethylene 
Chlorinated  PVC 
Phosphate  Plasticizer  5 

Epoxidized  Soybean  Oil 
Chlorinated  Paraffin  5 

Phthalate  Plasticizer  35 

Clay  31 

Ammonium  Octamolybdate  31 
Lead  Phthalate  5 

Tribase  E 
Stabilizer 
Wax 

Antimony  Oxide  3 

Aluminum  Trihydrate 
Znc  Borate 


100 

25 


10 


80 

20 

30 

10 


30 

7 

2 

0.5 

3 

30 

10 


Each  showed  good  enough  values  that  they  were  extruded 
as  a  jacket  over  RG  6  type  coaxial  cable  with  a  fluoropolymer 
dielectric.  The  first  generation  plenum  PVC  was  also 
extruded  as  a  jacket  on  the  same  construction  to  determine 
what  improvements  there  were.  These  cables  were  then  sent 
to  Underwriters  Laboratory  and  subjected  to  the  UL  910  test 
This  was  necessary  because  the  NBS  smoke  chamber  is  only 
a  screening  tool  and  correlation  between  it  and  results  in  the 
UL  910  test  is  not  always  predictable. 

Table  III  shows  the  results  of  the  UL  910  test  on  these  three 
cables.  The  data  shows  that  formulation  6  had  equivalent 
results  to  the  first  generation  material. 


TABLE 


UL  910  Results  of  RG  6  Cables 


Tensile  Strength  (PSI) 

2640 

2300  2400 

Jacket  Compound 

Flame 

Peak  Smoko 

Average  Smoke 

Elongation  (%) 

240 

225  225 

Formula  5 

4.5' 

0.33 

0.13 

Formula  6 

2.0' 

0.25 

0.08 

Table  II  shows  some 

of  the  final 

trial  formulations,  their 

1st  Generation 

2.0' 

0.25 

0.08 

smoke  values  and  their  LOI  values.  The  control  is  a  first 
generation  PVC  plenum  formulation.  Formulations  5  and  6 
utilize  slightly  different  smoke  suppression  technologies. 
Formulation  5  was  based  on  standard  PVC  flame  and  smoke 
technology  obtained  through  patent  and  literature  searches 
Formulation  6  is  similar  to  formulation  5  but  includes  some 
newly  developed  smoke  and  flame  suppressants. 


This  equivalency  was  done  with  an  improvement  in  physical 
properties  and  a  perceived  improvement  in  processibility. 
After  analyzing  these  results,  some  minor  modifications  were 
made  to  formulation  6,  the  result  of  which  was  labeled 
formulation  7.  Table  IV  shows  the  formulation  change  which 
was  made  as  well  as  the  LOI  and  NBS  smoke  results. 
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TABLE  IV 


TABLE  VI 


Inaredient-PHR  6  7 


PVC  Resin 

100 

100 

Phosphate  Plasticizer 

30 

30 

Plasticizer 

0 

0 

Brominated  Plasticizer 

20 

20 

Phosphrorous  Plasticizer 

0 

0 

Epozidized  Soybean  Oil 

3 

3 

Aluminum  Trihydrate 

30 

30 

Ammonium  Octamolybdate 

30 

30 

Lead  Phthalate 

7 

7 

Stearic  Acid 

0.5 

0.5 

Wax 

0.5 

0.5 

Experimental  Ingredient  A 

7 

- 

Experimental  Ingredient  B 

- 

10 

LOl  (%) 

49.1 

45 

SMOKE  DENSITY  (DM/G) 

20 

18 

The  addition  of  the  one  extra  smoke  suppressant  resulted  in 
an  improved  smoke  generation  according  to  the  NBS  smoke 
chamber,  v^hile  also  improving  the  LOl.  This  formulation  was 
then  extruded  as  a  jacket  over  a  more  complex  construction 
which  is  known  as  an  IBM  Typo  II  cable.  The  first  generation 
compound  was  also  extruded  over  the  same  construction 
and  both  wore  subjected  to  the  UL  910  test.  The  results  of 
that  test  are  shown  in  Table  V.  Both  samples  passed  the 
requirements  although  the  newest  formulation  7  passed  with 
a  little  wider  margin  than  the  control. 

TABLE  V 

UL  910  Results  of  IBM  Type  II  Cables 

Jacket  Compound  Rame  Peak  Smoke  Average  Smoke 

Formula  7  2.0'  0.33  0.12 

1st  Generation  2.0'  0.38  0.14 

Based  on  these  results  the  newly  developed  PVC  formulation 
was  applied  as  a  jacket  on  a  variety  of  constructions  which 
had  previously  used  the  first  generation  jacket  material.  The 
new  PVC  met  all  the  requirements  for  these  constructions. 
This  new  material  had  better  physical  properties  and,  during 
preliminary  extrusion  trials,  was  more  consistent  in  its 
extrusion  characteristics  than  the  first  generation  material. 

Until  the  advent  of  this  latest  formulation,  there  was  a 
reluctance  to  submit  multi-pair  fluoropolymer  insulated 
singles  jacketed  with  a  PVC  jacket  for  plenum  rating.  The 
new  formulation  had  flame  and  smoke  properties  which  were 
felt  to  be  good  enough  to  try  this  material  as  a  jacket  over 
fluoropolymer  insulated  singles  in  plenum  applications.  A 
one  pair  and  a  twelve  pair  construction  of  fluoropolymer 
insulated  singles  were  jacketed  with  the  improved 
formulation  and  submitted  to  Underwriters  Laboratory  for  the 
UL  910  test.  The  results  of  those  tests  are  given  in  Table  VI. 


UL  910  Results  of  Multipair  Cable 

Number  of  Pairs  Rame  Peak  Smoke  Average  Smoke 

1  4.0’  0.40  0.06 

12  2.0'  0.24  0.11 


Both  constructions  met  the  requirements  of  the  UL  910  test. 
This  allowed  a  new  product  line  with  good  sales  potential  to 
be  introduced  to  the  marketplace  at  a  critical  time. 

As  pointed  out  earlier,  the  first  generation  of  plenum  PVC 
compounds  had  a  significant  problem  with  consistency.  Lot 
to  lot  or  batch  to  batch  variation  in  these  materials  was 
greater  than  acceptable  in  a  quality  manufacturing 
environment.  Processing  parameters  such  as  extrusion 
speeds,  heat  zones  and  tip  and  die  combinations  would  have 
to  be  adjusted  for  extrusion  of  each  new  batch.  Sometimes 
these  changes  would  also  adversely  affect  the  physical 
properties  and  the  cable  constructions  would  fail  the 
Underwriters  Laboratory  requirements  for  these  properties. 
The  new  compound  development  was  aimed  at  solving  these 
problems  by  developing  a  compound  which  had  inherently 
better  physicals  so  there  was  a  wider  margin  for  error.  The 
processing  variability  was  brought  under  closer  control  by 
carefully  specifying  the  attributes  of  the  raw  materials  which 
made  up  the  new  compound  and  preciseiy  controlling  the 
mixing  cycle  for  this  new  compound.  Although  processing 
variability  is  sometimes  hard  to  pin  down,  a  trial  run  was 
made  with  the  new  compound  compared  to  a  typical  lot  of 
the  first  generation  compound.  The  extrusion  trial  was 
performed  on  the  jacketing  operation  of  the  IBM  Type  II  cable 
mentioned  previously  as  part  of  the  evaluation  of  this  new 
formulation.  This  trial  consisted  of  measuring  the  extrusion 
speed  which  gave  an  acceptable  product  based  on  a 
measurement  of  the  number  of  blows  per  thousand  feet. 
The  blows  resulted  from  "burned"  compound  which  was 
found  in  the  jacket.  This  burned  compound  can  be  the  result 
of  a  variety  of  problems,  most  of  which  are  related  to  the  mix 
consistency  of  the  compound. 

TABLE  Vli 
Extrusion  Trials 


Compound  Line  Speed  -  ft/min.  Blows /1 000’ 


Formula  7 

360 

0.14 

1st  Generation 

210 

0.46 

Rated  Rrst 

Generation 

300 

0.50 

Table  VII  gives  the  results  of  this  processing  trial.  These 
results  show  that  the  new  formulation  resulted  in  higher 
extrusion  speeds  than  the  first  generation  formulations  were 
rated  to  extrude  and  that  this  particular  batch  of  the  first 
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generation  material  had  to  be  run  slower  than  its  rated 
speed.  This  second  item  is  attributed  to  the  variability 
involved  with  this  material. 

Although  this  is  the  only  run  where  the  two  materials  were 
compared  on  a  side-by-side  basis,  the  manufacturing  facility 
has  reported  less  variability  with  the  second  generation 
material  with  the  formulation  as  it  has  been  introduced  into 
the  manufacturing  environment. 

The  PVC  jacket  plenum  constructions  offer  greater  ease  of 
installation  than  fluoropolymer  jacketed  counterparts  but  one 
of  the  concerns  about  these  materials  has  been  their 
abrasion  resistance.  The  fluoropolymer  jacketed 
constructions  do  have  very  good  abrasion  resistance.  The 
first  generation  of  plenum  PVC  jackets  had  acceptable 
abrasion  resistance.  There  was  a  concern  that  the  proposed 
second  generation  PVC  plenum  formulation  might  have  a 
poorer  abrasion  resistance.  An  RG  6  coaxial  cable 
construction  was  made  using  both  jackets,  and  the  abrasion 
test  described  in  Underwriters  Laboratory  specification  UL 
1581,  was  performed  on  the  two  constructions.  Ten  tests 
were  run  on  each  construction  and  the  average  number  of 
cycles/mil  until  failure  are  shown  on  Table  VIII. 


TABLE  VIII 

Abrasion  Test  Results 

Compound  Cvcies/mil 

Formula  7  3.54 

1st  Generation  3.05 

From  the  results,  it  can  be  seen  that  the  new  formulation  is 
as  good  as  the  first  generation  material  and  may  be 
interpreted  as  showing  a  slight  improvement. 


Summary 

The  efforts  to  develop  a  second  generation  of  PVC  plenum 
jacket  materials  resulted  in  a  new  formulation  which  had 
improved  flame  and  smoke  properties.  These  improvements 
were  sufficient  to  allow  for  the  application  of  PVC  plenum 
jackets  to  constructions  which  had  previously  consisted  of 
fluoropolymer  jackets.  The  lot  to  lot  variation  was  improved 
to  the  extent  that  faster  extrusion  speeds  were  realized  in  the 
manufacturing  process.  The  physical  properties  were 
improved  to  provide  a  wider  margin  of  safety  in  meeting  the 
required  physical  properties.  The  abrasion  resistance  of  the 
second  generation  PVC  jacket  was  equal  or  superior  to  the 
abrasion  resistance  of  the  first  generation  PVC  plenum 
material.  Based  on  these  facts,  this  development  project  was 
considered  a  solid  technological  success. 
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Abstract 

A  non-metallic  water  proof  optical  fiber 
cable  with  halogen  free  fire  resistance 
has  been  developed.  This  cable  completely 
consists  of  non-metallic  material,  and  has 
a  water  proof  property  by  using  water 
swellable  materials.  Furthermore  this 
cable  has  the  fire  resistant  property  to 
meet  IEEE  383  VTFT. 

This  paper  presents  the  cable  structure, 
the  new  component  materials  and  the  char¬ 
acteristics  of  the  cable. 


Introduction 

Optical  fiber  cables  begin  to  be  widely 
used  for  subscriber  networks,  and  require¬ 
ments  for  optical  fiber  cables  are  chang¬ 
ing.  Now  customers  need  economical  and 
safety  optical  fiber  cables  with  easiness 
to  handle,  as  general  purpose  optical 
fiber  cables. 

A  non-metallic  water  proof  optical  fiber 
cable  with  halogen  free  fire  resistance 
has  been  developed.  This  cable  completely 
Consists  of  non-metallic  material,  and  has 
a  water  proof  property  by  using  water 
swellable  materials .  ^  Furthermore  this 
cable  has  the  fire  resistant  property  to 
meet  IEEE  383  VTFT. 

The  cable  structure  of  this  cable  is  a 
single  slotted  rod  with  4-fiber  ribbons. 
The  cable  consists  of  a  slotted  rod,  4- 
fiber  ribbons,  a  water  swellable  tape,  a 
halogen  free  fire  resistant  wrapping  tape, 
and  a  halogen  free  fire  resistant  com¬ 
pound.  Number  of  fibers  in  the  cable  is 
100,  and  the  strength  member  of  the  slot¬ 
ted  rod  is  fiber  reinforced  plastics. 

The  cable  simultaneously  meets  four 
major  conditions  as  general  purpose  opti¬ 
cal  fiber  cables.  These  conditions  are  a 
noninductive  property,  minimization  of 
hydrogen  generation,  a  water  proof  proper¬ 
ty  and  a  halogen  free  fire  resistant 
property . 


It  is  very  difficult  for  optical  fiber 
cables  to  meet  the  four  major  conditions 
mentioned  above  at  the  same  time.  Espec¬ 
ially  the  compatibility  in  fire  resistance 
and  other  properties,  such  as  a  noninduc¬ 
tive  property,  a  water  proof  property  and 
mechanical  properties,  has  been  a  very 
difficult  subject.  Several  new  materials, 
such  as  a  halogen  free  fire  resistant 
wrapping  tape  and  a  water  swellable  tape, 
have  been  introduced  to  develop  the  new 
optical  fiber  cable.  This  cable  meets 
same  specification  for  mechanical  proper¬ 
ties  as  conventional  one  in  spite  of  a 
non-metallic  optical  cable. 

This  paper  presents  the  cable  structure, 
the  new  component  materials  and  the  char¬ 
acteristics  of  the  cable. 


Cable  Structure 

The  developed  cable  consists  of  4-fiber 
ribbons  accommodated  tightly  in  a  single 
slotted  rod.  The  cross  sectional  struc¬ 
ture  of  the  cable  is  shown  in  Fig.  1.  The 
slotted  rod  is  made  of  pure  high  density 
polyethylene  by  extrusion  technique,  and 
the  strength  member  of  the  slotted  rod  is 
fiber  reinforced  plastics. 

An  optical  fiber  ribbon  is  composed  of 
four  coated  fibers  aligned  in  parallel, 
and  coating  materials  for  fibers  and  a  4- 
fiber  ribbon  are  UV  curable  resin.  The 
thickness  and  the  width  of  the  4-fiber 
ribbon  are  0.4  and  1.1  mm,  respectively. 

Coated  single  mode  fibers  having  250  ^im 
in  outside  diameter  are  used  in  the  4- 
fiber  ribbons.  The  mode  field  diameter 
and  the  effective  cut  off  wavelength 
of  the  fibers  are  9.5  Jim  and  1.10-1.29 
Jim,  respectively.  These  fibers  have  125 
Jim  in  fiber  diameter. 

Five  4-fiber  ribbons  are  stacked  tightly 
in  each  of  the  five  rectangular  slots. 
The  slotted  rod  is  wrapped  with  a  water 
swellable  tape  and  a  halogen  free  fire 
resistant  wrapping  tape.  This  cable  core 
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is  covered  with  a  halogen  free  fire  re¬ 
sistant  compound.  This  cable  is  19  mm  in 
diameter  and  0.29  Kg/m  in  weight. 

This  cable  completely  consists  of  non- 
metallic  material,  and  has  an  unfilled 
structure.  Therefore  its  weight  is  equal 
to  a  conventional  one  and  no  special 
treatment  is  required  for  a  cable  joining 
in  spite  of  a  water  proof  cable. 


Fig.  1  Cross  Sectional  Structure 
of  the  Cable. 


Component  Materials 
Water  Swellable  Tape 

The  water  swellable  tape  is  composed  of 
unwoven  cloth  and  water  swellable  powder. 
The  water  swellable  powder  is  adhered  to 
unwoven  cloth.  Fig.  2  shows  the  principle 
of  water  blocking  mechanism.  When  water 
reaches  the  inside  of  the  cable,  water 
meets  with  the  water  swellable  tape.  The 
water  swellable  powder  is  disconnected 
from  the  unwoven  cloth,  and  fill  the 
vacancy  in  the  cable.  The  water  swellable 
powder  absorbs  water,  and  swells  to  stop  a 
flow  of  water. 

It  is  an  important  factor  for  the  water 
proof  property  of  the  cable  that  the 
swelling  velocity  of  the  water  swellable 
tape  is  rapid.  Fig.  3  shows  the  method  of 
measurement  for  the  swelling  velocity  of 


water  swellable  tapes.  Changes  of  thick¬ 
ness  of  water  swellable  tapes  were  meas¬ 
ured  to  know  the  swelling  velocity  of 
water  swellable  tapes  with  a  differen¬ 
tial  transformer.  The  water  swellable 
tapes  were  immersed  in  artificial  sea 
water.  The  results  of  the  measurement 
are  shown  in  Fig.  4.  The  swelling  veloci¬ 
ty  depends  on  the  composition  of  water 
swellable  tapes.  The  selection  of  the 
water  swellable  tape  for  the  developed 
cable  was  based  on  this  results. 
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Fig.  2  Principle  of  Water  Blocking 
Mechanism. 
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Fig.  3  Apparatus  for  Swelling 
Velocity  Measurement. 


Fig.  4  Water  Swelling  Velocities  of  various 
kinds  of  Water  Swellable  Tapes. 


Halogen  Free  Fire  Resistant  Wrapping  laoe 

A  flame  barrier  layer  under  a  cable 
jacket  is  used  to  suppress  the  temperature 
rise  in  a  cable  for  a  thermal  isolator  in 
fire.  Flame  barrier  layers  made  of  non- 
metallic  material  were  investigated  to 
complete  the  fire  resistant  property  of 
the  developed  cable.  Five  kinds  of 
wrapping  tapes  were  investigated  for  a 
flame  barrier  layer. 


1)  Polyester  unwoven  cloth 

2)  Kraft  paper 

3)  Fire  resistant  Kraft  paper 

4)  Mixed  paper  with  aluminum  hydroxide 

5)  Halogen  free  fire  resistant  tape 

The  five  kinds  of  fire  resistant  optical 
fiber  cables  were  manufactured  experimen¬ 
tally.  The  each  wrapping  tape  mentioned 
above  were  wrapped  separately  on  tne 
cable  cores  of  same  structure.  The  fire 
resistant  properties  of  the  manufactured 
cables  were  evaluated  according  to  the 
vertical  tray  flame  test  specified  in  the 
standard  IEEE  383  (VTFT) . 

Fig.  5  shows  the  test  results  of  the 
VTFT.  A  halogen  free  fire  resistant  tape 
is  suitable  as  a  flame  barrier  layer  as 
shown  in  Fig.  5.  It  is  of  importance  that 
the  flame  barrier  layer  prevents  melted 
polymeric  materials  from  gushing  out,  and 
flammable  gases  from  escaping.  Polyester 
unwoven  cloth  is  not  suitable  as  a  flame 
barrier  layer,  because  it  melts  by  heat. 
Cellulose  materials  such  as  Kraft  paper 
are  suitable  for  a  flame  barrier  layer, 
because  they  don't  be  melted  by  heat,  and 
they  form  a  carbonized  ablative  layer  in 
reduced  oxygen  conditions. 


Sample  A:  Polyester  Unwoven  Cloth 
Sample  B:  Kraft  Paper 
Sample  C:  Fire  Resistant  Kraft  Paper 
Sample  D:  Mixed  Paper  with  AI(OH)3 


Sample  E:  Halogen  Free  Fire  Resistant  Tape 


Kind  of  Sample 

Fig.  5  Results  of  Vertical 
Tray  Frame  Test. 
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The  halogen  free  fire  resistant  tape  is 
the  best  choice  for  a  flame  barrier  layer 
among  the  cellulose  papers.  The  halogen 
free  fire  resistant  tape  is  composed  of  a 
base  tape  and  a  halogen  free  fire  resist¬ 
ant  compound.  The  compound  is  coated  on 
the  base  tape  made  from  cellulose  materi¬ 
al.  The  halogen  free  fire  resistant  tape 
is  used  for  a  wrapping  tape  in  the  de¬ 
veloped  cable. 

Halogen  Free  Fire  Resistant  Compound 

The  halogen  free  fire  resistant  compound 
used  in  the  developed  cable  is  designed  to 
maintain  good  thermal  isolation  as  well  as 
good  physical  characteristics  for  a  jack¬ 
et  .  The  compound  absorbs  thermal 
energy  by  the  reaction  of  a  metal  hydrox¬ 
ide  during  a  fire.  After  the  reaction, 
the  compound  forms  hard  and  foamed  char 
that  is  a  good  thermal  isolator. 

The  typical  properties  of  the  halogen 
free  fire  resistant  compound  are  shown  in 
Table  1.  The  compound  exhibits  optimum 
balance  of  LOI,  brittleness  temperature 
and  hardness. 


Table  1  Typical  Properties  of  the  Halogen 
Free  Rre  Resistant  Compound. 


Prooertv 

Unit 

Test 

Method 

Typical 

Value 

Tensile  Strength 

MPA 

ASTM 

D368 

12.7 

Elongation 

% 

ASTM 

at  Break 

D368 

500 

Melt  Index 

g/IOmin, 

ASTM 

D1238 

0.3 

Limited 

- 

ASTM 

Oxygen  Index 

D2862 

33 

Environmental 

Stress 

Fg«hrs 

ASTM 

Crack  Resistance 

D1693 

>1000 

Brittleness 

Fg-C 

ASTM 

Temperature 

D764 

-40 

Smoke  Density 

Ds 

NBS(NF) 

90 

Density 

g/cm 

ASTM 

D1505 

1. 4 

Volume 

ohm*cm 

ASTM 

ixicJ® 

Resistivity 

D257 

Hardness 

- 

ASTM 

(Shore  D) 

D2240 

50 

Characteristics  of  The  Cable 
Water  Proof  Property 

Fig.  6  shows  the  method  of  measurement 
of  water  proof  property.  The  water  proof 
property  of  the  developed  cable  was  meas¬ 
ured.  The  height  of  water  is  Im,  and 
artificial  sea  water  is  used.  Only  a 
jacket  of  25  mm  length  is  stripped. 

Table  2  shows  the  results  of  the  meas¬ 
urement  of  the  water  proof  property.  The 
water  proof  properties  with  temperature 
were  measured,  and  the  water  proof  proper¬ 
ties  with  time  were  measured.  The  pene¬ 
tration  length  of  water  is  about  0.8m  at 
each  result.  The  temperature  dependence 
and  the  time  dependence  of  the  water 
proof  property  of  this  cable  are  scarcely 
observed. 


Fig.  6  Method  of  Waterproof 
Property  Measurement. 


Table  2  Characteristics  of  Water  Penetration 
Length  in  Cable. 


Treatment 

80C 

eo'c 

40°C 

20”C 

3days 

0.6m 

0.8m 

0.9m 

0.7m 

todays 

0.7m 

1.0m 

0.8m 

0.6m 

1  month 

1.0m 

0.7m 

0.9m 

0.9m 

Smonths 

0.8m 

0.6m 

0.7m 

0.7m 

6months 

0.8m 

0.7m 

0.6m 

0.9m 

in  Artificial  Sea  Water 
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Fire  Resistant  Property 

The  fire  resistant  property  of  the  de¬ 
veloped  cable  was  evaluated  according  to 
the  vertical  tray  flame  test  specified  in 
the  standard  IFEE  383  (VTFT) .  The  cable 
passed  satisfactorily  the  standard  IEEE 
383  as  shown  in  Photo.  1.  The  combustion 
length  of  the  cable  after  the  test  is  less 
than  Im. 


Photo.  1  Test  Result  of  VTFT 


Mechanical  Prooetlles 

Table  3  shows  the  mechanical  properties 
of  the  developed  cable.  This  cable  meets 
same  specification  for  mechanical  proper¬ 
ties  as  a  laminated  aluminum  jacket  cable 
in  spite  of  a  non-metallic  cable. 

Fig.  7  shows  the  method  of  measurement 
of  the  abrasion  property  of  the  developed 
cable.  This  abrasion  test  was  carried  out 
to  simulate  the  damage  of  the  cable  under 
an  actual  installation.  The  tested  cable 
was  rubbed  with  a  fixed  pulley  having 
rough  surface.  The  bending  angle  of  the 
cable  on  the  pulley  was  90  degrees.  The 
applied  tension  was  300  Kgf.  The  surface 
of  the  cable  jacket  was  only  slightly 
damaged . 


Tables  Mechanical  Properties  of 

the1 00-fiber  Fire  Resistant  Cable. 


Item 

Condition 

Result 

Crush 

up  to  250kgf/50mm 
of  lateral  force 

<0.0  IdB 

Bending 

R=250mm,  180deg. 

1 0  times 

<0.01dB 

Tensile 

up  to  300kgf . 

1=1 00m 

<0.01dB 

Squeezing  R=250mm, 
T=300kgf, 

1=1 00m 

<0.01  dB 

Impact 

1kgf,  1  m  height 

<0.01dB 

Torsion 

360deg.,  1=1  m 

<0.01  dB 

Hydrogen  Generation 

The  iomponent  materials  of  the  developed 
cable  scarcely  generate  hydrogen,  because 
the  cable  completely  consists  of  non- 
metallic  material.  The  loss  changes  of 
the  cable  after  water  penetration  were 
measured  to  investigate  the  loss  increase 
due  to  the  generated  hydrogen  in  the 
cable.  The  cable  core  of  the  cable  was 
immersed  in  artificial  sea  water  along  the 
full  length,  and  then  the  immersed  core 
was  covered  with  a  halogen  free  fire 
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resistant  compound.  The  cable  after 
penetration  was  treated  at  80  degrees 
centigrade,  and  measured  the  loss. 

Fig.  8  shows  the  result  the  loss  changes 
after  the  treatment  of  6  months  at  80 
degree  centigrade.  There  is  no  loss 
change  due  to  hydrogen  generation.  Fig.  9 
shows  the  loss  histogram  of  the  developed 
cable . 


Concltislon 

The  non-metallic  water  proof  optical 
fiber  cable  with  halogen  free  fire  resist¬ 
ance  has  been  developed.  The  cable  com¬ 
pletely  consists  of  non-metallic  material, 
and  has  a  water  proof  property  by  using 
water  swellable  materials.  Furthermore 
this  cable  has  the  fire  resistant  property 
to  meet  IEEE  383  VTFT. 

The  cable  is  very  convenient  for  the 
design  of  subscriber  networks,  because  the 
cable  can  comply  with  several  demands  for 
subscriber  networks  at  the  same  time,  such 
as  maintenance  free  cables,  induction  free 
cables,  and  halogen  free  fire  resistant 
cables.  The  cable  is  a  water  proof  opti¬ 
cal  fiber  cable  by  using  water  swellable 
materials,  so  the  cable  is  easy  to  handle 
at  cable  connection  because  of  the  omis¬ 
sion  of  wiping  jelly  compound  out.  The 
caole  will  be  useful  for  the  construction 
of  subscriber  networks. 
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Fig.  8  Effect  of  Hydrogen  Generation 
in  Cable. 


Fig.  9  Transmission  Loss  of 
the  100-fiber  Cable. 
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ABSTRACT 

Data  established  on  lab,  pilot  plant  and  com¬ 
mercial  lines  for  the  compounding  of  semi-con¬ 
ductive  and  halogenfree  flame  retardant  cable 
grades  are  evaluated  summarizing  theoretical 
aspects,  physical  phenomena  and  field  experien¬ 
ces.  The  data  prove  the  therory;  Moderate  shear 
rates,  short  residence  times,  narrow  residence 
time  distribution  and  an  outstanding  distribu¬ 
tive  and  dispersive  mixing  efficiency  are  the 
key  factors  to  improve  the  quality  of  semicon 
and  flame  retardant  cable  compounds  either 
thermoplastic  or  crossl inkable.  This  advanced 
compounding  technology  based  on  a  rotating  and 
siraultaneaously  axially  oscillating  screw  type 
machine  proves  to  be  a  most  powerful  tool  for 
those  looking  into  super-smooth  qualities.  Sti¬ 
mulated  by  the  positive  results  achieved  R&D 
work  was  initiated  to  develop  the  "Direct 
Extrusion  Process",  an  innovative  contribution 
to  the  economic  manufacture  of  cables. 


1.  INTRODUCTION 
1.1  Semi-Conductors 

Within  the  wide  variety  of  cable  materials 
(Table  1)  the  semi-conducting  compounds  represent 
a  specific  category  of  cable  compounds  as  there 
is  a  must  for  power  cable  shields  (as  screen)  at 
all  voltages  above  600  volts,  i.e.  in  the  medium 
and  high  voltage  application  range.  Semi-conduc¬ 
tors  improve  the  dielectric  strength  of  a  cable 
insulation.  As  semi-conductors  initially  fibrous 
tapes  impregnated  with  conductive  carbon  blacks 
were  used.  These  were  discontinued  when  it  became 
known  that  fibrous  protrusions  from  these  tapes 
caused  treeing  and  hence  cable  failure.  As  sub¬ 
stitute  semi-conductive  extrudable  polyethylenes 
were  developed  (1).  The  semi-conducting  characte¬ 
ristics  are  based  on  the  conductivity  of  carbon 
black.  The  conductivity  of  the  carbon  black  de¬ 
pends  on  the  carbon  black's. 

-  particle  size 

-  porosity  or  specific  surface 

-  structure 

-  oxygen  groups  on  the  particle  surface 


The  conductivity  of  carbon  black  improves  with  the 
particle  size  and  the  number  of  oxygen  groups 
decreasing  and  with  the  specific  surface  and  the 
structure  increasing. 

("structure"  may  be  understood  as  the  number  of 
primary  carbon  black  particles  being  lined  up  or 
agglomerated  to  a  chain.  The  larger  this  number  of 
lined-up  particles,  i.e.  the  longer  the  carbon 
black  chain  the  higher  the  structure.) 

The  particle  size  of  conductive  carbon  blacks 
typically  are  in  the  range  of  15  to  30  (nm)  and 
the  specific  surface  is  150  to  260  (m2/g). 

The  conductivity  of  a  semi-conducting  compound  in 
addition  depends  on  the  carbon  black  loading  rang¬ 
ing  from  12-20%  and  30  ti  40%  by  weight. 

Within  the  past  decade  much  progress  has  been  made 
in  semi-conductive  compounds: 

-  as  vehicle  or  matrix  co-polymers  like  EVA, 
EEA,  EBA  and  EPOM  are  used  rather  than  the 
pure  PE  because  their  extrudability  suffers 
less  from  the  high  loading  of  carbon  black 

-  in  addition  to  the  standard  conductive  car¬ 
bon  blacks  -  which  typically  are  loaded  at 
30-40%  by  weight  to  a  polymer  -  special 
carbon  blacks  as  the  Ketjen  EC  were  develo¬ 
ped  requiring  an  addition  of  12-20%  by 
weight  only. 

-  conductive  carbon  blacks  for  super-smooth 
quality  were  made  available;  a  major  pro¬ 
gress  regarding  especially  the  high  voltage 
application  and  inner  shielding. 

Nowadays,  semi-conducting  extrudable  compounds 
are  used  -  either  thermoplastic  or  crosslink- 
able  -  for  inner  and  outer  shields  and  stripp- 
able  outer  shields. 

1.2  Flame  Retardant  Compounds 
Ihe  vast  increase  in  gross  national  product  of 
the  industrialised  nations  resulted  in  increa¬ 
sed  wealth,  living  standards  and  concentration 
of  both  population  and  materials.  This  concen¬ 
tration  of  industry,  commerce,  high  value  pro¬ 
ducts  and  population  increased  the  risk  of  fire 
and  exponentially  increased  the  compensation 
paid  by  insurances  as  e.g.  Fig.  1  shows  for  the 
Federal  Republic  of  Germany  (2). 

These  factors  initiate  a  steadily  increasing 
public  conscientiouness  regarding  fire  pro¬ 
tection  and  in  consequence  generate  respective 
regulations 
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claiming  for  fire  resistant  materials. 

In  addition  the  public  domain  gets  more  and  more 
concerned  about  halogen  containing  polymer  com¬ 
pounds.  These  aspects  also  relate  to  LV,  MV  and  HV 
power  cables,  building  wires,  wire  and  cables 
for  appartus,  telecommunication,  electronics, 
transportation  and  others  as  well  (Table  1). 

In  1990  the  US  and  Canadian  polymer  consumption 
for  wire  and  cable  applications  totaled  1895  mio 
lbs  or  about  860'000  tons  in  which  PVC  and  LOPE/ 
HDPE/Thermosets  take  a  share  of  385^  and  53%  res¬ 
pectively  (Fig. 2)  (3).  Within  the  next  decade 
export  and  domestic  regulations  make  the  share  of 
fire  retardant  cable  compounds  increase  to  a  con¬ 
siderable  volume.  It  is  well  known  that  PVC  is 
self-extinguishing  immediately  after  the  ignition 
source  is  removed  as  the  hydrogen  chloride  (HCl) 
molecules  generated  remove  hydrogen  and  hydroxy 
radicals  which  support  combustion  and  shield  the 
PVC  from  further  attack  by  oxygen. 

But  plasticised  PVC  -  as  used  for  wire  and  cable 
insulation  and  sheathing  -  may  continue  to  burn 
depending  on  the  type  and  quantity  of  plasticiser 
incorporated.  Thus  even  PVC  compounds  may  be  sub¬ 
ject  to  fire  retardance  regulations,  i.e.  to  the 
replacement  of  the  filler  or  part  of  the  filler 
by  flame  retardants. 

The  major  volume  of  polymers  used  for  wires  and 
cables  are  LDPE,  HOPE  and  the  co-polymers  as  EVA, 
EEA  and  EPDM.  They  are  missing  the  self-extingui¬ 
shing  characteristics  of  PVC.  Hence  according  to 
current  and  future  standards  they  have  to  be  fit¬ 
ted  out  with  flame  retardants.  Typically  60-70% 
by  weight  of  a  flame  retardant  are  added  to  a  po¬ 
lymer.  Containing  no  halogenes  (F,  Br,  Cl,  I)  in 
their  chains  these  polymers  are  the  vehicle  or 
matrix  for  halogen-free  flame  retardant  wire  and 
cable  compounds. 

A  fire  or  a  combustion  process  can  only  happen  if 
simultaneously  three  elements  are  present  at  a 
time  (Fig. 3)  (4): 

-  combustible  material  e.g.  organic  matter  as 
polymers 

-  oxygen  e.g.  supplied  from  the  ambient  air 

-  ignition  source  e.g.  excessive  heat  or  a 
flame 

If  one  of  these  three  elements  is  missing  a  com¬ 
bustion  process  cannot  take  place. 

A  flame  retardant  inhibits  or  suppresses  a  combus¬ 
tion  process  either  by  physical  and/or  chemical 
action.  It  should  get  active  within  the  temperatu¬ 
re  range  the  polymer  start  to  decompose.  For  wire 
and  cable  compounds  this  range  typically  is 
180°C  up  to  about  300°C. 

The  most  widely  used  halogen-free  flame  retardant 
is  aluminium  hydroxyde  (ATH).  It  is  low  cost  and 
as  an  inorganic  compound  it  serves  as  filler. 

At  temperatures  of  180°C  to  200°C  the  ATH  starts 
to  convert  to  aluminium  oxyde  (Fig. 4).  This  reac¬ 
tion  is  endothermic  and  hence  removes  heat  from 
the  wire  or  cable.  As  a  by-product  water  is  crea¬ 
ted  which  evaporates  and  in  addition  to  the  endo¬ 
thermic  conversion  removes  heat.  One  kilogramm  of 
ATH  thus  may  remove  about  5000  kJ. 

The  water  vapour  dilutes  the  ambient  gas  phase. 


i.e.  displaces  oxygen  and  generates  a  protective 
gas  layer  over  the  wire  or  cable  surface.  Fur¬ 
thermore,  the  aluminium  oxyde  forms  a  protective 
mineral  layer  on  the  surface  of  the  wire  and  cable 
preventing  oxygen  from  penetrating  further  into 
the  combustible  cable  compound. 

In  recent  years  magnesium  hydroxyde  has  been  used 
as  an  alternative.  It  acts  similarly  to  ATH  but 
its  decomposition  temperature  of  about  260OC  to 
3000c  is  significantly  higher.  Experiences  indi¬ 
cate  that  it  promotes  char  formation  and  reduces 
smoke  development;  a  positive  aspect  when  looking 
into  low  smoke  compounds. 

Due  to  their  specific  characteristics  blends  of 
ATH  and  magnesium  hydroxyde  are  used  for  some  app¬ 
lications  . 

1 .3  Compounding 

Within  the  last  decade  important  progress  and  im¬ 
provements  have  been  made  regarding  raw  materials 
and  formulations.  In  parallel  the  quality  require¬ 
ments  increased  steadily.  Evidently,  it  was  recog¬ 
nized  that  besides  the  raw  material  characteris¬ 
tics  and  the  formulations  the  way  of  compounding 
interferes  significantly  regarding  the  quality 
achievable  for  semi-conductors  or  flame  retardant 
wire  and  cable  compounds. 

2.  FUNDAMENTAL  PHENOMENA 

At  a  first  glimpse  it  looks  like  semi-conductors 
and  flame  retardant  compounds  would  not  have  any¬ 
thing  in  common  at  all.  But  from  a  processing  point 
of  view  they  do  have  very  much  so: 

Bothcategories  represent  polymer  compounds 
with  a  high  leading  of  inert  components  like 
carbon  black  or  flame  retardants. 

This  high  loading  makes  dramatically  increase  the 
melt  viscosity;  an  aspect  that  has  to  be  conside¬ 
red  for  the  proper  design  of  both  the  compounding 
and  the  extrusion  equipment. 

In  addition  to  the  distributive  and  dispersive 
mixing  taking  place  during  comoounding  the  surface 
of  the  carbon  black  or  the  flame  retardant  partic¬ 
les  have  to  be  "wetted"  or  coated  thoroughly 
otherwise  the  mechanical  characteristics  of  the 
extrudate  would  be  below  standard. 

Hence  the  higher  the  loading  and  the  larger  the 
specific  surface  of  the  carbon  black  or  the  flame 
retardant  the  more  polymer  melt  sticks  to  the 
particle  surfaces  being  no  longer  as  fluid  as 
without  filler.  Thus  the  melt  viscosity  increases. 
Fig. 5  may  visualise  this  influence; 

The  lower  and  the  upper  diagram  have  the  same  ab¬ 
scissa  "Mrel"  i.e.  the  number  of  square  meters 
one  gram  of  polymer  has  to  coat.  With  increasing 
addition  of  carbon  black  or  flame  retardant  the 
number  of  square  meters  one  gram  of  polymer  has 
to  coat  increases.  This  is  shown  in  the  lower 
diagram  of  Fig. 5  plotted  vs  the  carbon  black  or 
the  flame  retardant  loading  "efil"  (%  by  weight). 
Based  on  analytical  data  made  up  by  computer  re¬ 
gression  and  splining  the  upper  diagram  of  Fig. 5 
represents  a  master  curve,  i.e.  the  function  of 
the  relative  Melt  Volume  Index  "MV  I  re  1"  vs  Mrel. 
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(MVIrel  is  the  ratio  of  the  specific  MVI  and  the 
MV  I  of  the  pure  polymer.) 

At  low  loadings,  i.e.  small  numbers  of  square  me¬ 
ters  one  gram  of  polymer  has  to  coat  there  is 
minor  influence  on  the  viscosity.  At  about 
per  g  polymer  the  master  curve  starts  to  drop 
dramatically,  i.e.  the  melt  viscosity  increases 
dramatically.  It  is  just  this  area  of  the  steep 
decline  which  is  interesting  for  semi-conductors 
and  flame  retardant  wire  and  cable  compounds.  To 
get  the  compounds  conductivity  carbon  blacks  with 
a  particle  size  and  structure  resulting  in  speci¬ 
fic  surfaces  of  150-260  m^/g  have  to  be  added  at 
12-40%  by  weight.  For  flame  retardance  60-70%  by 
weight  of  flame  retardants  have  to  be  incorporated. 
Fortunately  their  specific  surface  of  typically 
2-12  m2/g  is  significantly  smaller  than  that  of 
carbon  black  thus  compensating  for  the  high  loa¬ 
ding. 

Conclusion  1: 

Obviously  it  is  very  important  that  carbon  black 
or  flame  retardants  are  accurately  metered  as 
errors  of  a  few  percent  change  the  melt  visosity 
significantly  and  consequently  change  the  extruda- 
bility  of  a  compound. 

Conclusion  2: 

Carbon  black  or  flame  retardants  have  to  be  homo¬ 
geneously  distributed  in  a  compound  otherwise  the 
surface  finish  of  an  extrudate  may  suffer  due  to 
locally  different  melt  viscosities. 

It  is  common  knowledge  that  the  viscosity  is  one 
of  the  key  factors  determining  the  level  of  stress 
a  viscous  stock  is  subject  to  when  sheared.  As 
polymer  melts  are  non-Newtonian  fluids  the  mathe¬ 
matical  functions  for  the  shear  stress  might  be 
rather  complex.  It  is  the  Ostwald-de  Waele  func¬ 
tion  which  best  helps  to  understand  the  correla¬ 
tions: 

tau  =  eta  *  gamma"^ 

i.e.  the  shear  stress  "tau"  equals  the  viscosity 
"eta"  (which  in  itself  is  a  function  of  temperatu¬ 
re  and  shear  rate)  times  the  shear  rate  "gamma" 
raised  to  the  power  "m"  (the  exponent  m  is  a 
characteristic  figure  for  a  specific  compound). 

Hence,  the  higher  the  viscosity  and  the  higher 
the  shear  rate  the  higher  are  the  shear  stresses 
generated.  To  achieve  the  conductivity  of  a  semi- 
conductive  compound  the  addition  of  carbon  black 
is  set,  i.e.  the  melt  viscosity  is  set.  As  discus¬ 
sed  in  paragraph  1.1  the  conductivity  of  the  car¬ 
bon  black  depends  on  its  structure.  This  structure 
is  sensitive  to  shear  stress  as  it  may  easily  be 
reduced,  i.e.  the  carbon  black  chains  may  easily 
be  broken  apart  when  getting  over-stressed.  This 
would  reduce  the  conductivity  of  the  compound. 

Conclusion  3; 

The  brittleness  of  the  conductive  carbon  blacks 
limits  the  shear  rates  admissible. 

It  may  be  shown  mathematically  that  the  specific 
kneading  energy  "e",  i.e.  the  energy  imparted  to 


a  mass  unit  is  proportional  to  the  shear  stress 
"tau"  and  inverse  proportional  to  the  melt  densi¬ 
ty  "rho"; 

e  prop  tau/rho 

Now,  the  thermodynamic  laws  show  that  the  energy 
imparted  transform  into  heat,  i.e.  into  a  tempera¬ 
ture  raise: 

e  =  c  *  deltaT 

Thus,  the  higher  the  melt  viscosity  and  the  higher 
the  shear  rates,  the  higher  the  shear  stress  will 
be,  resulting  in  a  high  specific  kneading  energy 
and  consequently  in  a  high  deltaT. 

The  flame  retardant  in  a  compound  set  stringent 
temperature  limits  during  processing.  In  addition 
most  of  the  polymers  used  as  a  matrix  may  degrade 
or  decompose  when  exposed  to  excessive  heat,  i.e. 
to  too  high  temperatures.  The  degradation  of  poly¬ 
mers  not  only  depends  on  temperature  but  also  on 
the  period  of  time  exposed  to  it. 

Conclusion  4: 

Temperature  sensitivity  of  both  flame  retardants 
and  polymers  set  stringent  limits  to  the  shear 
rates  generated  during  processing. 

Conclusion  5: 

Polymer  degradation  calls  for  short  residence 
times  and  a  narrow  residence  time  distribution 
(RTD)  during  processing. 

Summarizing  the  fundamental  phenomena  and  the  con¬ 
clusions  it  is  obvious  that  semi-conductive  and 
flame-retardant  compounds  have  to  be  processed  at 
gentle  shear  rates,  short  residence  times  and  a 
narrow  RTD.  Accurate  metering  of  the  components 
also  is  imperative.  The  need  for  a  perfect  distri¬ 
butive  and  dispersive  mixing  is  superimposed  to 
these  aspects. 

3.  ADVANCED  COMPOUNDING  TECHNOLOGIES 
3.1  Basic  Aspects 

In  order  to  optimally  fulfill  the  requirements 
derived  from  the  fundamental  phenomena  and  in  or¬ 
der  to  achieve  the  high  quality  level  required  in 
terms  of  distributive  and  dispersive  mixing,  con¬ 
sistency  and  reproduceabil ity  within  the  last  de¬ 
cade  there  is  a  significant  trend  for  the  use  of 
continuously  operating  equipment  rather  than  the 
batch  wise  operation. 

For  the  continuous  compounding  screw  machines  are 
used.  These  screw  type  machines  can  be  broken 
down  into  three  major  categories: 

-  Single  Screw  Extruders  (SSE) 

-  Twin  Screw  Extruders  (TSE) 

-  Buss-Kneaders 

These  three  categories  distinguish  from  each  other 
by  their  operating  principle  and  the  shear  rates 
generated  (Fig. 6):  Common  single  screw  extruders 
generate  very  low  shear  rates  limiting  their  abi¬ 
lity  for  the  homogenuous  distributive  and  disper- 
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sive  mixing  and  high  filler  loadings  as  required 
when  compounding  semi-conductive  and  flame-retar¬ 
dant  cable  compounds. 

TSE  (for  dispersive  mixing  co-rotating  twin  screws 
are  used)  generate  high  shear  rates  which  may  be  a 
limiting  factor  when  processing  highly  filled 
compounds,  i.e.  high  viscosity  melts. 

The  third  category,  the  Buss-Kneader,  generates 
moderate  shear  rates  a  most  promising  aspect  re¬ 
garding  the  fundamental  phenomena  discussed  in  pa¬ 
ragraph  2. 

3.2  Buss-Kneader 

The  Buss-Kneader  (Fig. 7)  is  a  single  screw  design. 
But  its  operating  principle  is  so  unique  that  it 
represents  a  specific  category  within  the  screw 
machines: 

The  normally  continuous  spiral  of  a  single  screw 
extruder  with  the  Buss-Kneader  system  is  inter¬ 
rupted  by  three  gaps  per  revolution  resulting  in 
the  so  called  kneading  flights  (Fig. 8).  So  called 
kneading  teeth  individually  inserted  in  the  barrel 
co-operate  as  stationary  tools  with  these  kneading 
flights.  When  the  screw  rotates  the  kneading 
flights  and  the  kneading  teeth  form  shear  gaps 
where  energy  is  imparted  to  melt  the  polymers  and 
to  perform  a  distributive  and  dispersive  mixing. 
Each  shear  gap  may  be  considered  to  be  an  incre¬ 
mental  two  roll  mill  summing  up  to  an  integral 
mixing  system.  Superimposed  to  the  rotation  the 
screw  simultaneaously  axially  oscillates.  This  ma¬ 
kes  the  kneading  teeth  travel  trough  the  gaps  bet¬ 
ween  the  kneading  flights.  Hence  the  polymer  melt 
gets  devided  and  then  partially  recombined  anci  de- 
vided  further  like  in  a  static  mixer.  Thus  the 
axial  oscillation  generates  an  axial  mixing  effect 
superimposed  to  the  radial  one  (5). 

The  stock  is  gently  stressed  in  the  shear  gaps  and 
relaxes  in  the  gaps  between  the  kneading  flights. 
The  alternate  stressing  and  relaxation  leads  to 
a  high  degree  of  reorientation  increasing  the 
interfacial  area  in  the  melt,  the  key  factor  for 
good  mixing  (6, 7, 8, 9).  The  interfacial  area  can  be 
expressed  in  therms  of  the  striation  thickness. 
This  striation  thickness  for  a  length  of  4L/D  of  a 
Buss-Kneader  was  calculated  to  (10): 

Ns  =  2“’®  =  2.8  *  10^^ 

which  means  that  the  mixing  operation  can  be 
accomplished  within  a  very  short  length,  i.e. 
within  a  short  residence  time. 

Additionally,  the  axial  mixing  effect  smoothes  out 
variations  in  the  feed  rate.  Using  the  "Frequency 
Response  Analysis"  it  could  be  shown  that  with 
the  Buss-Kneader  operating  principle  input  varia¬ 
tions  can  be  smoothed  out  to  an  output  variation 
of  one-tenth  even  at  long  variation  cycles  of 
30  seconds  and  more,  i.e.  at  low  variation  fre¬ 
quencies  of  2  per  minute  and  lower.  This  contri¬ 
butes  successfully  to  a  consistent  and  uniform 
composition  of  a  compound  (11). 

3.3  Compounding  Technology 

3.3.1  Semi  con  for  the  compounding  of  thermoplas- 
tic  semicon  formulations  (Fig. 9)  the  polymer(s) 


like  LOPE,  EVA,  EEA,  EPDM  etc.  and  additives  are 
individually  and  continuously  metered  by  corres¬ 
ponding  gravimetric  feeders  into  the  first  feed 
port  of  the  Buss-Kneader.  In  the  first  zone  shear 
energy  is  imparted  to  melt  the  polymer  and  to  ho¬ 
mogenize  the  polymer  melt  and  the  additives.  The 
conductives  carbon  black  is  continuously  added  to 
the  polymer  melt  by  gravimetric  feeders.  At  car¬ 
bon  black  loadings  of  up  to  30%  all  carbon  black 
is  fed  via  the  second  feed  port.  For  carbon  black 
loadings  higher  than  that  the  carbon  black  is 
split  into  two  fractions,  the  two  fractions  being 
fed  individually  via  the  second  and  the  third 
feed  port  of  the  Buss-Kneader. 

The  shear  energy  imparted  to  the  stock  in  the  se¬ 
cond  and  third  zone  of  the  Buss-Kneader  accompli¬ 
shes  the  dispersive  and  distributive  mixing  of 
the  polymer  melt  and  the  carbon  black. 

The  homogenuous  melt  finally  is  devolatiliseo, 
i.e.  volatiles  as  moisture  are  removed  from  the 
stock  by  pulling  vacuum  at  the  degassing  port  lo¬ 
cated  in  the  final  zone  of  the  Buss-Kneader. 

A  melt  pump  flanged  into  the  discharge  of  the 
Buss-Kneader  builds  up  the  nielt  pressure  necessa¬ 
ry  for  passing  an  automatic  screen  changer  and 
the  hot  face  pelletizing  die.  The  screen  removes 
contamination  eventually  incorporated  in  the  raw 
material  components.  Typically  screens  or  filters 
of  120  up  to  300  mesh  are  used. 

The  melt  strands  emerging  the  die  plate  are  cut 
by  rotating  knives.  By  the  impact  of  the  knives 
and  by  gravity  the  still  viscous  pellets  are 
falling  down  in  a  whirlpool  generated  by  water  in 
the  lower  section  of  the  collector  hood.  The  water 
immediately  removes  heat  from  the  pellets  so  that 
they  no  longer  are  sticky.  A  centrifuge  separates 
the  pellets  from  the  water  which  is  recycled  to 
the  collector  hood.  The  pellets  are  conveyed 
pneumatically  to  the  pellet  dryer  and  cooler  which 
in  parallel  removes  moisture  sticking  to  the  pel¬ 
let  surface  and  cools  down  the  pellets  to  the  bag¬ 
ging  or  storage  temperature. 

The  barrel  zones,  the  Buss-Kneader  screw  and  the 
melt  pump  are  individually  temperature  controlled 
by  liquid  heat  transfer  media  (LHTM).  LHTN  can 
add  or  remove  heat.  Hence,  the  use  of  LHTM  results 
in  an  accurate  temperature  control  free  of  any 
hot  spots.  Each  individual  feeder  is  controlled 
by  an  automatic  control  loop  to  its  set  point. 

All  feeders  are  integrated  to  a  whole  feeding 
system  by  a  master/slave  mode. 

3.3.2  Haloqenfree,  Flame  Retardant  Compounds. 

The  compounding  technology  for  halogenfree  fl ame 
retardant  compounds  is  identic  to  that  for  semi- 
cons  except  for  the  addition  of  the  flame  retar¬ 
dant  (Fig. 10).  Again  the  flame  retardant  is  split 
into  two  fractions  which  are  individually  fed  to 
the  Buss-Kneader.  But  as  the  flame  retardants  are 
not  sensitive  to  compaction  as  it  is  true  for  car¬ 
bon  blacks  the  first  fraction  of  flame  retardant 
can  be  added  into  the  first  feed  port  of  the 
Buss-Kneader,  i.e.  into  the  melt  zone  together 
with  the  polymer(s)  and  additives. 

3.3.3  To  get  crossl inkable  semicon  compounds  main- 
ly  two  alternatives  are  used: 
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-  Peroxyde  crossl inkable  semicons: 

After  pelletizing  and  cooling  the  pellets 
pass  a  mixer  where  the  liquid  or  melted  pe¬ 
roxyde  is  sprayed  in  so  that  it  gets  absor¬ 
bed  by  the  pellets.  This  "absorption  pro¬ 
cess"  neither  sets  limits  to  the  type  of 
peroxyde  used  nor  to  the  mesh  size  of  the 
screen  or  filter. 

-  Silane  crosslinkable  FR  compounds; 

To  get  silane  crosslinkable  compounds  orga- 
nosi lanes  have  to  be  grafted  into  the  poly¬ 
mer  chain  prior  to  the  incorporation  of  fla¬ 
me  retardant.  To  accomplish  this  a  liquid 
silane/peroxyde  compound  is  injected  via  an 
injection  tooth  into  the  first  Buss-Kneader 
zone  where  the  grafting  reaction  takes 
place  (Fig. 1 1 ) . 

As  crosslinking  only  takes  place  by  moistu¬ 
re  and  time  not  by  heat  (as  it  is  true  for 
peroxide  crosslinkable  compounds)  after 
grafting  the  compound  is  chemically  inert 
and  net  thermoplastic.  Thus  there  are  no 
limitations  for  the  use  of  a  screen  changer 
and  the  mesh  size  of  the  screen. 

4.  FINDINGS  AND  FIELD  EXPERIENCES 

In  the  early  80th,  i.e.  about  10  years  ago,  RSD 
work  started  for  the  compounding  of  semi-conduc¬ 
tive  and  flame  retardant  cable  compounds  either 
thermoplastic  or  crosslinkable.  Many  tests  for  a 
wide  variety  of  formulations  have  been  carried 
out  so  far  on  lab,  pilot  plant  and  commercial 
size  Buss-Kneaders . 

The  data  established  like  this  are  completed  by 
field  experiences  gathered  from  plants  commerci¬ 
ally  operated  worldwide  since  about  .B  years. 

In  this  paragraph,  as  far  as  proprietorship 
allows,  the  findings  are  discussed  and  compared 
to  the  targets  to  meet  according  to  the  fundamen¬ 
tal  phenomena  (paragraph  2). 

4.1  Residence  Time  Distribution 

The  RTD  was  investigated  on  a  commercial  size  dia 
200mm  Buss-Kneader  processing  LOPE  (0,918  kg/dm3, 
MFI  2).  A  very  stringent  method  was  used  (12). 

To  get  an  extremely  high  resolution  the  rare 
earth  SmO  was  fed  as  tracer.  To  "contaminate"  the 
whole  system  thoroughly  the  tracer  was  added  du¬ 
ring  one  hour.  The  tracer  then  was  stopped  and 
specimens  collected  at  intervals  of  15  seconds. 

The  specimens  were  irradiated  and  ther  radioac¬ 
tivity  ckecked.  Fig. 12  shows  a  dimensionless  plot 
of  the  findings.  (To  get  the  dimensionless  radio¬ 
activity  the  activity  of  an  individual  specimen 
was  divided  by  the  activity  of  a  probe  containing 
the  total  addition  of  tracer.  The  dimensionless 
residence  time  is  the  "specimen  time"  minus  the 
systems  "response  lee  time"  divided  by  the  avera¬ 
ge  residence  time) . 

Compared  to  the  dashed  line  which  represents  data 
for  single  screw  extruders  the  straight  line  for 
the  Buss-Kneader  at  the  beginning  shows  a  smaller 
slope.  This  confirms  the  axial  mixing  effect  sti¬ 
pulated  by  thery.  At  a  dimensionless  residence 
time  of  about  0.5  the  radioactivity  of  the  Buss- 


Kneader  specimens  starts  to  decline  dramatically 
where  as  the  dashed  line  keeps  on  with  its  mode¬ 
rate  slope.  This  again  proves  the  high  level  of 
axial  and  radial  mixing  in  the  Buss-Kneader  system 
and  its  efficiency  in  wiping  clean  all  metal  sur¬ 
faces  being  contacted  by  the  polymer.  Fig. 8  may 
visualise  this  effect  as  there  is  no  area  left 
which  is  not  wiped  by  the  kneading  teeth  and  the 
kneading  flights. 

At  a  dimensionless  residence  time  of  about  1.1  the 
residence  time  "tailing"  starts  and  clearly  ends 
at  2.3.  The  dashed  line  keeps  on  still  showing 
tracer.  (Not  yet  published  findings  of  a  European 
University  indicate  that  even  TSE  follow  the 
dashed  line  rather  than  the  straight  line  of  the 
Buss-Kneader) . 

When  opening  the  split  barrel  after  the  dimension¬ 
less  residence  time  of  2.3  no  tracer  could  be  de¬ 
tected  anymore,  i.e.  the  tailing  with  a  Buss-Knea¬ 
der  system  absolutely  ends  at  2.3  or  in  other 
words  a  particle  longest  can  stay  in  the  Buss- 
Kneader  for  a  time  of  2.3  times  the  average  resi¬ 
dence  time.  After  that  time  it  definitely  will  be 
exchanged.  For  the  compoun-'  rg  of  cable  grades 
the  average  residence  time  in  a  Buss-Kneader  typi¬ 
cally  is  60-70sec.  Therefore  the  longest  time  a 
particle  may  stay  in  the  system  is  2-3min. 
Obviously  the  Buss-Kneader  fulfills  the  condition 
of  a  short  residence  time  and  a  narrow  RTD  opti¬ 
mally. 

4.2  Metering  Accuracy 

In  order  to  evaluate  the  accuracy  of  the  feeders 
and  the  consistency  of  the  composition  a  non-stop 
production  run  in  a  commercial  line  compounding 
LORE  with  40%  of  carbon  black  was  carefully  sam¬ 
pled  during  five  days.  The  carbon  black  content 
of  each  sample  was  analysed.  The  statistical  ana¬ 
lysis  revealed  a  two-sigma  or  two-standard  devia¬ 
tion  of  plus/minus  0.25%  absolute,  i.e.  at  a  pro¬ 
bability  of  95.44%  the  carbon  black  loading  vari¬ 
es  between  39.75%  min  and  40.25%  max  only. 

This  impressive  accuracy  confirms  the  quality  of 
feeders  used  and  the  axial  mixing  effect  of  the 
Buss-Kneader  which  smoothes  out  input  variations 
(see  paragraph  3.2) . 

4.3  Dispersion 

The  dispersion  of  the  carbon  black  in  an  EVA  based 
semicon  cable  compound  was  checked  by  automatical¬ 
ly  counting  the  number  of  categorised  particle 
sizes  on  extrudates.  Compared  to  samples  obtained 
with  the  traditional  compounding  technology  the 
samples  compounded  using  the  advanced  technolo¬ 
gy  of  paragraph  3.3  showed  a  significantly  narr¬ 
ower  particle  size  distribution,  the  number  of 
larger  size  particles  being  reduced  by  a  factor 
of  6.5.  This  narrow  particle  size  distribution  is 
a  key  factor  when  looking  into  super-smooth  semi- 
con  quality.  This  analysis  also  reveals  that  the 
advanced  compounding  technology  disperses  the 
carbon  black  to  a  degree  which  optimally  develops 
the  conductivity  of  the  carbon  black  added.  Expe¬ 
rience  shows  that  it  is  even  possible  to  reduce 
the  carbon  black  addition  by  5-10%rel  without 
loss  to  conductivity. 
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According  to  paragraph  2  and  Fig. 5  this  may  help 
to  improve  the  extrudabiiity  of  a  semicon  compound. 

4.4  Temperature  Profiles 

To  read  out  the  stock  temperature,  as  a  standard, 
thermocouples  are  inserted  into  kneading  teeth 
along  the  Buss-Kneading  axis. 

Fig. 13  shows  the  temperature  profiles  for  semicon 
compounds  based  on  EVA,  EBA  or  EEA  at  carbon  black 
loadings  of  35-40%.  The  specific  kneading  energy 
of  typically  0.18-0.22  (kWh/kg)  raises  the  stock 
temperature  to  its  discharge  temperature  of  175- 
2150C. 

Fig. 14  shows  the  temperature  profiles  for  halogen- 
free  flame  retardant  cable  compounds  based  on  EVA 
at  ATH  loadings  of  55-60%.  The  specific  kneading 
energy  of  0.17  (kWh/kg)  imparted  to  the  stock  rai¬ 
ses  its  discharge  temperature  to  175-180°C. 

It  is  interesting  to  note  that  the  temperature 
after  the  ATH  addition  is  lower  than  that  of  the 
polymer  melt  passed  on  to  the  feed  zone  for  the 
ATH.  This  confirms  that  the  large  amount  of  ATH 
added  cools  the  polymer  melt  by  5-20OC. 

Experience  shows  that  the  tempereature  profiles 
achieved  by  the  advanced  compounding  technology 
are  by  20-30°C  lower  than  those  of  the  traditio¬ 
nal  compounding  technology.  This  confirms  the  po¬ 
sitive  influence  of  the  moderate  shear  rates. 
According  to  the  flow  diagrams  10  and  11  the  ho¬ 
mogenized  compound  continuously  is  passed  on  to 
a  melt  pump  flanged  on  to  the  discharge  of  the 
Buss-Kneader.  This  melt  pump  builds  up  the  pres¬ 
sure  necessary  to  push  the  melt  through  the 
screen  changer  and  the  die  plate.  Pressurizing 
the  melt  by  means  of  a  separate  equipment  like 
a  melt  pump  or  a  discharge  extruder  releases  the 
compounding  extruder  from  this  duty.  Hence,  the 
process  parameters  for  compounding  are  indepen¬ 
dent  of  those  for  the  pressure  build. up;  an  impor¬ 
tant  fact  as  passing  the  melt  via  a  screen  chan¬ 
ger  the  head  pressure  varies  during  time.  In  ad¬ 
dition  the  pressure  build-up  equipment  can  be 
designed  for  minimal  energy  impartation  to  the 
stock,  i.e.  for  optimal  pressure  build-up  effi¬ 
ciency.  Thus,  at  a  pressure  build-up  efficiency 
of  85%  and  a  head  pressure  of  200  bars  the  energy 
imparted  to  the  stock  results  in  a  temperature 
rise  on  cbout  4^0  only. 

4.5  Electrical  and  Mechanical  Properties 

4.5.1  Semi -conductive  Compounds 
The  key  criterion  for  the  quality  of  semicon  com¬ 
pounds  is  the  dispersion  of  the  carbon  black 
which  was  discussed  in  paragraph  4.3.  Mechanical 
and  electrical  properties  are  secondary  aspects 
as  there  are  no  international ly  approved  standard 
methods  and  the  characteristics  depend  very  much 
on  the  design  of  a  cable.  As  a  rule  of  tumb  the 
elongation  at  break  after  aging  should  be  equal 
or  higher  than  100%  and  the  specific  resistivity 
should  reach  the  order  of  magnitude  of  10^ 

(ohm*cm).  The  specific  resistivity  very  much  de¬ 
pends  on  the  temperature;  with  increasing  tempe¬ 
rature  the  resistivity  increases  according  to  an 
exponential  function.  Hence,  it  is  virtually  im¬ 
possible  to  develop  international  standard  me¬ 
thods  to  check  these  properties  conclusively  on  a 
specimen  made  out  of  a  compound.  Therefore  quali¬ 
ty  control  relies  primarily  on  checking  the  dis¬ 
persion  what  moves  back  to  paragraph  4.3. 


4.3.2  Halogenfree  Flame  Retardant  Compounds 
As  these  compounds  are  used  for  insulation  or  as 
sheath,  i.e.  at  gauges  larger  than  those  for  se¬ 
micon  conclusive  standard  methods  were  developed 
to  check  the  properties. 

Fig. 15  summarizes  the  most  interesting  mechanical 
properties  of  two  EVA  based  halogenfree  flame  re¬ 
tardant  compounds.  As  flame  retardants  ATH  and 
magnesium  hydroxyde  were  added.  Compared  to  the 
actual  standards  the  samples  processed  with  the 
advanced  compounding  technology  discussed  in  this 
paper  show  significantly  higher  figures  both  for 
the  tensile  strength  at  break  and  the  elongation 
at  break. 

5.  SUMMARY 

An  advanced  compounding  technology  has  been  inves¬ 
tigated  for  the  compounding  of  both  semi-conduc¬ 
tive  and  halogenfree  flame  retardant  cable  com¬ 
pounds.  Data  established  on  lab  and  commercia'' 
size  machines  follow  the  theoretical  aspects  de¬ 
rived  from  the  physical  phenomena.  They  also  pro¬ 
ve  that  processing  at  moderate  shear  rates,  nar¬ 
row  RTD  and  low  stock  temperature  profiles  - 
characteristics  inherent  to  the  Buss-Kneader  used 
for  this  technology  -  obviously  are  key  factors 
to  improve  the  quality  of  semicon  and  flame  re¬ 
tardant  cable  compounds. 

6.  OUTLOOK 

Stimulated  by  the  positive  results  achieved  with 
the  advanced  compounding  technology  three  years 
ago  R&D  work  started  to  develop  the  "Direct  Ex¬ 
trusion  Process". 

With  this  process  PVC  or  flame  retardant  cable 
grades  are  compounded  on  a  Buss-Kneader  as  dis¬ 
cussed  in  this  paper.  The  pressure  generated  by 
the  melt  pump  no  longer  is  used  for  pelletizing 
but  for  the  direct  extrusion  on  the  homogenized 
stock  via  a  cable  coating  die  (Fig. 16). 

This  Direct  Extrusion  Process  does  not  aim  at  a 
total  replacement  of  the  compounding  and  pelleti¬ 
zing  technology  but  feasibility  studies  showed 
that  it  might  be  an  alternative  to  improve  the 
economic  manufacture  of  some  cables. 

Further  work  shall  prove  the  promising  results 
achieved  during  lab  tests  is  going  on  a  commer¬ 
cial  size  pilot  plant.  Results  will  be  reported 
in  due  time  (13,14) . 
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Dry  Cure  Simulation  with  Shrlnkback  Minimizing  for  XLPE  Insulation 
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Abstract 

One  of  the  major  difficulties  in  the  control  of 
the  cross-linkable  power  cable  dry  cure  process 
is  the  lack  of  the  on-line  measurement  of  the 
insulation  temperature  and  the  degree  of  cross¬ 
links.  This  has  been  solved  by  numerical  simu¬ 
lation  of  the  process.  The  simulation  opens  an 
artificial  window  into  the  process  by  estimating 
the  cable  temperature  and  the  progress  of  cross- 
linking  along  the  CV-line.  Together  with  process 
optimization  it  has  proved  to  be  an  essential  part 
of  the  CV-line  automation  system. 

The  decreasing  specific  volume  of  the  insulation 
material  during  the  cooling  phase  creates  internal 
stresses  inside  the  cable  insulation.  This  results 
as  shrlnkback,  which  complicates  the  cable  insula¬ 
tion.  This  results  as  shrlnkback,  which  complicates 
the  cable  joining  and  terminating.  The  shrlnkback 
can  be  reduced  by  thermal  relaxation.  A  new  method 
is  introduced,  where  the  relaxation  is  combined  into 
the  CV-line.  Numerical  simulation  is  used  to  esti¬ 
mate  the  effect  of  the  new  relaxation  method. 

Introduction 

Measurement  of  product  properties  is  essential 
for  the  control  of  continuous  manufacturing  pro¬ 
cesses.  Often  the  measurement  can  be  made  on¬ 
line  but  there  still  exist  many  properties  which 
can  be  found  only  in  laboratory  analysis.  Labora¬ 
tory  analysis  always  means  delay  in  the  feedback 
control  and  non-  acceptable  results  cause  product 
rejection  and  often  significant  economical  losses. 

The  described  problem  is  familiar  in  the  product¬ 
ion  of  power  cables  with  cross-linkable  insulation 
and  seraiconductlves.  A  single  production  line  may 
produce  tens  of  cable  types.  No  measure  of  the 
cable  temperature  or  the  progress  of  the  cross- 
linking  is  available  Inside  the  CV-tube.  The  pro¬ 
duction  is  quite  expensive  and  rejected  reels  are 
extremely  undesirable. 

Computer  based  simulation  is  one  solution  for  this 
problem.  It  gives  an  artificial  window  to  the 
production  phase  allowing  the  user  to  see  the  de¬ 
velopment  of  cable  properties  along  the  production 
line.  The  time  history  of  the  temperature  and  the 
progress  of  the  degree  of  cross-links  can  continu¬ 
ously  be  predicted. 

However,  simulation  alone  does  not  give  any  sugges¬ 
tions  for  which  might  be  good  production  line  set¬ 
tings.  It  only  gives  knowledge  of  what  happens  if 
the  process  is  run  according  to  the  tentative  set¬ 
tings.  What  is  still  needed  is  an  optimization 
package,  which  finds  the  proper  production  settings 
for  different  products  under  given  limitations  and 
product  requirements.  Typical  limitations  for  a 
power  cable  dry  cure  process  are  maximum  output 


rates  of  the  extruders,  maximum  speeds  of  the  caps¬ 
tans  and  caterpillars  and  physical  limitations 
like  the  maximum  pressure  or  temperature  of  the 
CV-tube.  Requirements  for  the  insulated  conductor 
are  specified  by  general  standards  and  company 
specifications. 


Requirements  Optimal 

for  the  cable  ,  Production 

Settings 

CDCC  PROCESS 

Physical  limitations  OPTIMIZATION 

of  the  process 


Production 

Settings  Properties 

of  the  cable 

slructi0D"bata  '  SIMULATION  OF 
CDCC  PROCESS 


Figure._l_. 

Optimization  of  f  f  XLPE  insulated  power  cable  pro¬ 
duction.  The  optimization  procedure  iterates  opti¬ 
mal  production  by  using  the  dry  cure  simulation 
module  to  test  succeeding  tentative  steps.  The  re¬ 
quirements  for  the  insulated  cable  and  the  limita- 
tio.is  of  the  dry  cure  CV  process  as  well  as  the  con¬ 
struction  of  the  insulated  conductor  are  inputs  and 
the  optimal  production  settings  are  results. 


Numerical  simulation  of  cable  extrusion  has  been 
utilized  for  the  last  two  decades.  Boysen  has 
used  the  finite  difference  method  in  his  studies 
of  the  CV  process  of  power  cables  (1)  and  cont¬ 
raction  voids  due  to  thermal  stresses  in  PE  insu¬ 
lations  (2) ,  Numerical  analysis  was  used  for  re¬ 
search  purposes. 

Simulation  of  XLPE-insulated  power  cable  curing 
process  was  quite  active  during  the  first  half  of 
I980ies.  One  reason  for  that  was  the  break¬ 
through  of  radiant  curing  in  XLPE  insulated  power 
cable  production.  An  automation  system  utilizing 
numerical  simulation  and  optimization  was  on  mar¬ 
ket  1981  and  reported  later  1983  (3),  (4)  by  Huo¬ 
tari.  This  system  was  developed  for  a  minicom¬ 
puter  controlling  CDCC-line.  The  optimization 
program  calculated  a  recipe  for  each  production 
run  and  stored  it  on  a  floppy  disc,  where  it  was 
loaded  from  at  the  start  of  the  production. 
Parallel  work  has  also  been  done  by  universities 
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(5),  (6)  and  material  suppliers  (7). 


step  •  k+1 


The  specific  volume  of  the  LDPE  insulation  material 
decreses  when  the  insulated  conductor  is  cooled 
down.  The  shrinkage  continues  also  below  the  crys¬ 
tallization  temperature  resulting  in  internal 
stresses  in  the  insulation.  All  the  three  stres¬ 
ses,  axial,  radial  and  tangential,  define  together, 
how  much  shrinkback  there  exists,  when  a  cable  is 
joined  or  terminated.  The  shrinkage  can  not  be 
avoided,  but  it  can  be  minimized  by  correct  cool¬ 
ing.  The  amount  of  stresses  can  also  be  estimated 
with  numerical  simulation.  (2),  (4),  (8).  Later 
in  this  paper  a  new  method  is  presented,  which 
minimized  the  shrinkback. 

Numerical  Simulation  of  Dry  Cure  Process 
Numerical  simulation  of  the  CDCC  process  estimates 
the  cable  temperature  and  the  degree  of  cross-links 
from  the  extruder  cross-head  to  the  end  seal  of  the 
CV-line  and  computes  also  the  remaining  internal 
stresses.  Dry  curing  consists  physically  of  heat 
transfer  to  and  from,  the  cable,  heat  conduction  in¬ 
side  the  cable  layers  and  cross-linking  reaction. 

The  heat  transfers  in  the  curing  section  both  by 
heat  radiation  and  free  convection.  In  the  cool¬ 
ing  section  the  heat  transfer  mechanism,  is  forced 
convection  and  also  heat  radiation,  if  nitrogen  is 
used  for  cooling. 


Figure  3. 

Concentric  cylinder  elements  of  the  cjble. 
Hecursive  equations  are  derived  for  each  cyi inder 
and  for  the  conductor.  The  computation  of  the 
temperatures  (T,),  the  degrees  of  cross-links  (X  ■ 
and  the  cylinder  dimensions  (r  )  progrtjsses  ont' 
step  in  each  round. 


As  a  result  the  temperature  of  the  cable  and  the 
degree  of  cross-links  are  got  as  graphical  curves. 
A  typical  output  of  the  simulation  is  shown  in 
Fig.  4,  where  the  user  of  the  simulation  program 
can  see  the  temperature  of  the  conductor,  the  sur¬ 
face  and  the  mid  point  of  the  insulation  and  the 
degree  of  cross-links  of  th,.  insulation  in  the  vi¬ 
cinity  of  ■'  Inner  semiconductive. 


Tube  wall 


Fr<?f  !  ■  Radiation 

convection  d.  ' 


K iguro  2 . 

Hf?at  transfer  to  <an<l  from  the  cable.  heat  is  iians- 
fetred  by  heat  radiation  and  free  convection  in  the 
curing  section,  and  by  forced  convection  and  he. it 
r.Kjiation  in  th.o  cooling  section. 


To  solve  the  temperature  field  Inside  the  cable  in 
each  part  of  the  CV-line  a  small  element  of  the 
cable  Is  followed  trough  tlie  line.  The  insulation 
and  the  semiconductive  layer.s  of  this  element  are 
divided  into  concentric  cylinders,  as  is  seen  in 
Fig.  3.  The  temperature,  the  degree  of  cross-links 
and  the  dimensions  of  each  cylinder  are  computed 
-Step  by  step  starting  from  the  extruder  cross¬ 
head  and  ending  to  the  end  seal  of  the  CV-line. 

The  initial  value.s  are  tlie  layer  extrusion  tempera¬ 
tures  <ind  the  conductor  temperature  when  it  enters 
the  cross-head.  The  first  computed  values  are  got 
one  time  step  further,  next  values  two  time  steps 
further  and  so  on. 


Ta,'  temperature  equations  are  derived  from  thermal 
balance  of  the  cylinders  and  the  computation  of  the 
curing  kinetics  is  based  on  the  familiar  Arrhenius 
formula.  The  temperature  dependence  of  the  speci- 
fi'-  heat  and  the  thermal  conductivity  of  the  layer 
maL*-.:'.!-;  as  well  as  the  thermal  expansion  is  taken 
into  account  in  the  simulation  model.  To  validate 
the  model  the  real  temperature  of  several  cables 
has  been  measured  and  the  heat  transfer  parameters 
adjusted  according  to  the  results. 

Application  of  Simulation  for  Process  Autom.ation 
The  insulatii  n  phase  of  the  power  cable  production 
can  be  described  as  a  two-step  process.  The  first 
step  finds  the  best  production  parameters  for  the 
cable.  The  second  step  produces  the  cable  accor¬ 
ding  to  these  parameter  settings.  The  set  of  the 
production  parameters  for  CDCC-line  is  called  as 
a  cable  recipe.  The  recipe  includes  the  necessary 
data  to  produce  a  cable  from  the  start-up  phase  to 
the  shut-down  phase.  The  first  step  is  called  as 
recipe  generatirn  and  it  includes  the  numerical 
simulation  model  of  the  cable  production  and  the 
optimization  part,  which  seeks  the  optiii.ized  para¬ 
meters  for  the  production. 
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FigurG_4j._  Typical  output  of  the  dry  cure  simulation.  The  user  can 
see  the  temperature  and  the  degree  of  cross-links  of  the 
cable. 


RECIPE  GENERATION  CABLE  PRODUCTION 


power  cable  production.  The  first  step  generates  a  pro¬ 
duction  recipe  for  the  second  step,  which  then  produces  the 
cable . 


The  automation  system  of  the  CDCC-line  consists  of 
three  separate  units;  the  recipe  generator,  the 
line  control  PLC  and  the  line  supervisor.  The 
recipe  generator  is  an  executable  program  running 
under  MS-DOS  in  industrial  standard  PCs.  An  ad¬ 
vanced  PLC  has  been  applied  to  the  line  control 
unit . 


The  line  supervisor,  which  is  based  on  a  commer¬ 
cially  available  control  system,  is  running  in  the 
same  PC  as  the  recipe  generator.  The  line  super¬ 
visor  activates  the  recipe  generation  and  sends  the 
computed  recipe  to  the  PLC  via  serial  line. 

Fig.  6.  shows  the  principle  of  the  hardware  solu¬ 
tion. 
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Industrial  PC 


achieving  a  rather  even  radial  profile  of  the 
cable  temperature  during  the  final  crystallization. 
Fig.  7  shows  the  temperature  of  the  cable,  when  the 
relaxation  zone  is  used. 

The  smaller  outer  diameter  relusts  increased  stress 
towards  the  conductor  and  decreases  axial  stress. 
The  increased  pressure  towards  the  conductor  pro¬ 
duces  higher  friction  between  the  conductor  and  the 
inner  semiconductive  resists  the  shrinkback.  Fig. 8 
shows  simulation  results  of  the  remaining  stresses 
with  and  without  the  use  of  the  relaxation  zone. 

The  example  is  a  medium  voltage  cable  with  95  mm^ 
aluminium  conductor. 


Figure  _6. 

Automation  system  of  the  CDCC-line.  The  supervisor 
together  with  the  recipe  generator  is  locating  in  the 
same  industrial  standard  PC  and  communicates  with 
the  line  control  PLC  via  serial  line. 


Shrinkback  Minimizing 

The  outer  cylinders  of  the  cable  Insulation  cools 
very  rapidly  at  the  entry  of  the  cooling  part  and 
the  diameter  of  these  cyliners  remains  rather  large 
after  crystallization,  because  the  inner  cylinders 
of  the  insulation  are  still  hot  and  expanded  and 
prevent  the  shrinkage  of  the  outer  cylinders.  This 
results  decreased  radial  stress  towards  the  con¬ 
ductor  and  increases  axial  shrinkback.  A  steam 
path  can  be  used  to  decrease  the  shrinkback,  but  it 
means  an  additional  processing  phase  and  extra  in¬ 
vestments.  A  new  solution  is  relaxation  zone  in 
the  middle  of  the  cooling  section.  The  surface  of 
the  cable  is  heated  over  the  melting  temperature 


Surface  temperature 
Insulation  temperature.. 
Conductor  temperature 


Figure  7. 

Usn  of  thp  relaxat  ion  zoi  e.  The  si.rfaoe  of  the  cahlo  is  heated  over 
the  molting  temperature.  The  outer  diameter  is  now  smaller  durinq 
the  final  crystallization. 
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Fiaure  8. 

Thermal  stresses  of  a  XLPE  insulated  power  cable. 
Case  a)  is  without  the  relaxation  zone  and  case  b) 
is  with  it.  The  cable  is  a  medium  voltage  one  with 
aluminum  conductor  of  95  mm^. 

(3)  Huotari,  P.:  With  computer  simulation  of 
power  cable  continuous  vulcanizing  to  higher 
quality  and  maximized  output  rate.  Research 
and  development  in  the  Nokia  Group,  August 
1983,  pp.  20... 22 

(4)  Huotari,  P. :  Voimakaapelin  vulkanointiproses- 
sin  mallinnus,  Tampere,  Finland:  Tampere  Uni¬ 
versity  of  technology,  1983.  Licentiate  thesis 
(in  Finnish) 

(5)  Franzkock,  B. :  Analyse  eines  neuen  Verfahrens 
zur  Herstellung  vernetzter  Polyathylenkabel . 
Institut  f{ir  Kunststof fverarbeitung  (IKV), 

TH  Aachen,  1979.  187  pp.  Dissertation 

(6)  Menges,  G. ,  Bolder,  G.,  Rudolph,  K. ,  Meier,  M: 
On-line  calculation  of  cross-linking  of  XLPE 
cables.  Wire  World  International  v.  28 

n.  9-10,  Sep-Oct  1986,  pp  160. ..162 

(7)  Schirato,  P. ,  Fretier,  P. :  Optimization  of 
cable  crosslinking  process  on  dry  curing 
lines.  B  4.8  JICABLE  87 

(8)  Robinson,  J.  E. ,  Normanton,  J.K.:  Extrusion 
processing  of  polyethylene  compounds  for 
large-diameter  communication  cable  insulation. 
Conference  on  Plastics  in  Telecommunication  11 
London  18-20  Sep.  1978,  pp.  115. ..120. 


From  the  Fig.  8.  one  may  see  that  the  use  of  the 
relaxation  zone  increases  significantly  the  radial 
stress  towards  the  conductor.  In  principle  the  re¬ 
sult  is  the  same  as  with  a  separate  heat  relaxa¬ 
tion. 


Conclusion 


Numerical  simulation  and  optimization  are  today 
used  effectively  in  the  automation  of  power  cable 
CV-lines  and  as  CAD  tool  for  CV-line  design. 

Today  almost  every  CDCC-llne  includes  the  simula¬ 
tion  based  recipe  generator  and  the  corresponding 
design  package  is  always  used  in  the  design  of  new 
CDCC-lines . 

A  new  method,  based  on  the  tandemization  of  the 
power  cable  insulation  process  and  the  heat  relax¬ 
ation  of  the  Internal  stresses,  has  been  presented. 
Simulation  shows  clearly,  that  the  additional  re¬ 
laxation  zone  in  the  cooling  section  of  the  CV- 
line  increases  the  radial  stress  needed  to  resist 
the  shrink  back. 
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ABSTRACT 

Cables  used  for  medium  voltage  power 
applications  (4kv  -  35kV)  are  available 
with  various  combinations  of  shielding  and 
insulating  materials.  Several  jacketing 
designs  are  also  available  for  cable 
protection.  When  exposed  to  the  conditions 
of  field -aging,  cable  components 
deteriorate  through  processes  that  reflect 
the  materials,  designs,  and  specific  aging 
conditions  involved.  Manufacturing  defects 
may  also  contribute  to  premature  aging  of 
these  cables.  This  paper  cites  examples  of 
case  studies  of  cable  failures,  presents 
selected  laboratory  research  results,  and 
indicates  he  a  historical  trends  in  cable 
materials  development  have  improved  cable 
performance . 


INTRODUCTION 

Service-aging  of  power  cables  involves 
complex  interactions  between  the  cable 
materials,  thermal  stress,  electrical 
stress,  and  water  with  its  associated 
impurities  introduced  from  the  local 
environment.  The  choice  of  cable  materials 
and  the  type  of  cable  construction  play  a 
significant  role  in  the  rate  of  degradation 
of  power  cable  insulation.  During  the  past 
ten  years,  the  authors  have  used  a  number 
of  specially-developed  diagnostic  methods 
[1]  to  characterize  the  deterioration  of 
medium  voltage  power  cable  insulation 
removed  from  many  utility  systems 
throughout  the  United  States.  Cables 
ranging  in  age  from  less  than  one  year 
through  as  many  as  60  years  have  been 
included  in  these  studies.  These  results 
have  been  analyzed  in  the  context  of 
laboratory  tests  specifically  designed  to 
simulate  the  aging  of  cable  materials  in 
controlled,  systematically-varied  environ¬ 
ments.  The  investigations  have  clearly 
indicated  that  medium  voltage  power  cables 
that  can  be  expected  to  perform  reliably 
for  more  than  twenty  years  will  require 
clean  construction  materials  and  designs 
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that  mitigate  the  intrusion  of  water  and 
ions  into  the  cable  insulation.  Through 
an  enhanced  understanding  of  the  aging 
performance  of  various  cable  materials/ 
design  combinations,  the  electric  utility 
companies  can  make  more  informed  decisions 
as  newer  cable  materials,  for  example, 
become  available.  Results  of  this  research 
have  influenced  trends  in  the  cable 
materials  supply  industry,  further 
improving  the  products  presently 
manufactured. 


BACKGROUND 

The  cables  and  materials  addressed  in 
this  report  apply  principally  to  miedium 
voltage  (from  4kV  through  35  kV)  power 
distribution  applications.  Historically,  a 
number  of  cable  designs  have  been 
available,  each  with  its  own  virtues  and 
associated  costs.  Figure  1  summarizes 
various  construction  features  of  a  typical 
distribution  cable.  Conductors  may  be 
either  aluminum  or  copper,  stranded  or 
solid.  The  interstices  of  stranded 
conductor  cables  may  contain  a  polymeric 
filler  which  is  intended  to  exclude  the 
introduction  and  longitudinal  migration  of 
moisture  should  the  end  of  the  cable  be 
exposed  to  water  during  storage, 
installation,  or  repair  operations.  The 
semiconducting  shields  are  present  to 
provide  a  uniform  distribution  of 
electrical  stresses  at  the  interface  with 
the  insulation.  Since  the  mid  1970's  the 
semiconducting  shield  layers  have  been 
extruded  rather  than  applied  as  tapes  as 
previously  done.  The  shield  materials  are 
typically  thermoplastic  polymers  such  as 
ethyl-ethylene  acrylate  (EEA)  or  ethylene 
vinyl  acetate  (EVA) .  Crosslinked  elasto¬ 
mers,  such  as  ethylene-propylene  rubber 
(EPR)  miay  also  be  used  in  some  cases.  The 
insulation  is  typically  crosslinked 
polyethylene  or  a  crosslinked  rubber 
copolymer  or  terpolymer  such  as  EPR  or 
ethylene-propylene  diene  monomer  (EPDM) , 
respectively.  Grounded  neutrals,  in  the 
form  of  stranded  conductors,  tapes,  or  flat 
straps  are  included  over  the  insulation 
shield  for  the  purpose  of  providing  a 
ground  potential  return  path  for  the 
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current.  Over  the  neutral  conductors,  a 
polymeric  jacket  is  typically  added  to 
offer  protection  of  the  neutrals  during 
installation,  to  limit  their  corrosion,  and 
to  reduce  the  effects  of  moisture  from  the 
environment.  In  some  cases,  a  lead  sheath 
is  applied  over  the  insulation  shield  to 
provide  complete  protection  against  ambient 
moisture . 


Conductor  Shield 


Figure  1.  Major  Const ruct i on  Features  of 
Medium  Voltage  Power  Distribution  Cables 


ROLE  OF  INSULATIONS:  CASE  STUDIES  OF  FIELD- 
AGED  CABLES 
Example  1 

Fifty  butyl  rubber  insulated,  lead- 
sheathed  cables  were  removed  from  a  major- 
urban  service  area  tor  the  purpose  of 
determining  the  cause  of  their  increasing; 
number  of  dielectric  failures.  These  haci 
been  in  service  between  20  and  40  years  in 
very  wet,  high  salt  concentration  areas. 
Dielectric  breakdown  tests  were  conducted 
on  cables  near  fault  sites,  on  adjacent 
non-faulted  areas  of  the  same  cable,  and  on 
adjacent,  non-faulted  phases  from  the  same 
circuit.  Table  1  summ.arizes  the  breakdown 
tfrst  results  for  theoe  cables.  As 
indicated,  Ltic  breakdown  strengths  were 
found  to  be  significantly  lower  in  the 
areas  where  the  faults  occurred.  Figure  2 
shows  one  such  area.  As  shown  in  this 


Figure,  the  lead  sheath  on  this  cable  has 
been  severely  dam, aged  resulting  in  exposure 
of  the  underlying  insulation. 
Metallurgical  inspection  of  the  lead 
indicated  that  it  had  been  peeled  back  on 
the  cable  so  long  ago  that  the  slew, 
.natural  relaxation  of  this  material  had 
obliterated  its  surface  features.  The 
peeled  surfaces  were  also  covered  with  a 
thick  oxide  film.  This  evidence  suggested 
t.hat  the  sheaths  had  been  dam, aged  during 
installat ion  of  the  cables. 


Figure  2.  Lead  Sheaf  fi  Damage  0:',  40  Year 
Old  C i St r ibul i on  Cable 


Several  analytical  tools  were  used  in 
an  effort  to  determine  -why  tiie  damaaed 
jackets  should  have  a  1 1  owed  an  increased 
rate  of  deterioration  of  the  unde r 1 y i no 
cable  insu  lat  i  o.n  .  Elem.ental  analysis  ct 
the  cable  insulation  was  conducted  with  X- 
ray  emission  sp'oet  roscopy  [1,  3,  4,  h]  . 

As  shown  in  Table  2,  t  lie  com,ros;:  ion  of  ttie 
insulatiori  varied  considerably  between  the 
sites  wirert-  o  f';r'  lead  was  ii.t<-tct  and  other 
areas  of  sam,0'  cable  where  the  lead 

Sheath  had  been  da.m.aged.  Tire  elements 
shown  in  bold  type  o  o  r  r  o- spon  a  to  the 
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contaminants  that  were  introduced  into  the 
insulation.  As  noted  previously,  the 
cables  were  exposed  to  salt  (chlorides  of 
sodium,  potassium,  and  calcium)  water 
environments.  The  damaged  lead  sheath 
allowed  the  ingress  of  salts  from  this 
water  into  the  insulation.  Many  salts  are 
known  to  be  strong  promoters  of  water 
treeing  [7]  .  Due  to  their  ionic  nature, 
these  salts  also  increase  the  local 
dielectric  losses  and  the  resulting  thermal 
energy  may  increase  the  rate  of 
degradation . 


TABLE  2 

Elemental  Analysis  Results,  Comparing 
Insulation  Compositions  from  Various 
Locations  and  Cables 


circuit 

cable 

elements 

1 

0A  (at  fault) 

c, 

0, 

Al, 

Si, 

Cl, 

K, 

Pb,  Zn 

1 

OA  (remote) 

c, 

0, 

Al, 

Si, 

Pb, 

Zn 

1 

OB 

c, 

0, 

Al, 

Si, 

Pb, 

Zn 

pA  (at  fault) 

c, 

0, 

Na, 

Al, 

Si, 

Cl 

,  K, 

Pb, 

Zn 

2 

p.A  (remote) 

c, 

0, 

Al, 

Si, 

Pb, 

Zn 

3 

OA  (at  fault) 

c. 

0, 

Mg, 

Al, 

S  i , 

Cl 

,  K, 

Ca, 

Pb, 

Zn 

3 

OA  (remote) 

c, 

0, 

Mg, 

Al, 

Si, 

Pb, 

Zn 

Example  2 

An  F.FR  insulated  cable  failed  while 
•  ’r'.c!  7  i  7,ed  bu;  not  loaded  in  a  6.9kv  delta 
system  at  a  power  plant  in  a  non-critical 
application.  The  cable  had  been  in  service 
lor  appi  I  o  X  i  ma  t  e  1  y  five  years  and  was 
ir;r7  ailed  in  a  conduit  that  became  water- 
filled.  The  cable  featured  jacketed 
construction  and  a  133%  insulation  level  as 
defined  in  t  tie  AEIC  specifications  [6]. 
Ttie  ent  iie  lengtti  of  the  faulted  cable  and 
its  at)  jacent  non-faulted  phase  B  and  C 
coiidut.-fors  were  removed  from  the  conduit. 


Eo  r '  u  i  t  out;  1  y ,  a  non-aged  section  of  the 
sam*‘  CMtile  'Wat:  obtained  from  a  warehouse. 

Ttie  dii'lectric  lo.sses  of  the 
ic.cul  at  it;n  tt'un  variouc,  setd  ions  of  each 
■abie  wer'-  m<-a::ut('d  over  a  wide  frequt'ncy 
raroi"  using  f  i  me  domain  dielectric 


tpoer-t  r  r.scopy  (TDCL)  (6  1.  As  siiown  in  Table 


3,  the  low  frequency  losses  were  highest 
near  the  fault  site  of  the  failed  cable 
(phase  A) .  These  losses  were  lower  for  the 
same  cable  about  10  ft.  away  from  the  fault 
site.  As  shown  in  Table  3,  the  dielectric 
losses  were  also  lower  for  the  adjacent, 
non-faulted  phase  and  for  the  non-aged 
cable  obtained  from  the  warehouse.  The 
losses  above  1.0  Hz  were  nearly  identical 
for  all  cables  and  locations. 


TABLE  3 

Dielectric  Loss  (Tangent  Delta)  vs. 


Frequency  for 

Various 

Locations  and 

Cables 

c^.b.io 

id- 3 

frequency,  Hz 
ld-2  ld-1 

i^ 

OA  (at  fault) 

.0612 

.0267 

.0121 

.0071 

OA  (remote) 

.0593 

.0224 

.0109 

.0064 

OB 

.0561 

.0227 

.0114 

.  0064 

non-aged 

.0562 

.0226 

.0115 

.0065 

Chemical  tests  were  conducted  on  the 
cable  insulation  and  on  water  removed  from 
the  conduit  in  which  the  cable  had  been 
located  to  attempt  to  determine  why  the 
local  dielectric  losses  were  higher  near 
the  fault  site.  Conductivity  and  pH  tests 
on  the  water  indicated  that  it  was  nearly 
neutral  and  had  low  electrical 
conductivity.  Sections  of  the  insulation 
from  the  various  cable  sections  were 
immersed  in  distilled,  deionized  water  for 
48  hours  at  60°C  to  extract  soluble, 
conductive  (ionic)  material  (s) ,  if  present. 
Conductivity  and  pH  measurements  were  made 
on  these  water  extractions  and  they,  too, 
indicated  normal  pH  (7.2)  and  low 
electrical  conductivity  (158)iS/cm). 


Figure  3.  Structure  of  Insulation  from 
Non-Aged  Cabie.  lOOx  magn i f i ra t i on 


The  i  n.s  u  !  a  t  i  on  s  f  lom  ttiose  cable 
.sections  were  then  prepared  c  r  y  :'«7en  i  ca  1  1  y 
into  thin  .sect  ion.s  so  that  they  could  be 
examineti  rri  i  cr  osccf-d  ('a  1  !  y  witti  transmitreci 
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illumination.  Figure  3  shows  the 
insulation  characteristics  for  the  non-aged 
cable  obtained  from  the  warehouse.  The 
insulation  is  shown  to  be  homogeneous,  with 
uniform  dispersion  of  the  ingredients 
(clay,  red  lead,  zinc  oxide,  others)  The 
insulation  from  the  field-aged,  non-faulted 
cable  section  appeared  to  have  identical 
characteristics.  Microscopic  examination 
of  the  insulation  near  the  fault  site  of 
the  failed  cable,  however,  indicated  the 
presence  of  atypically  large  particles  of 
what  appeared  to  be  inorganic  material,  as 
shown  in  Figure  4.  Following  polarized 
optical  measurements  of  some  of  the 
crystalline  properties  of  these  particles 
[9]  they  were  identified  as  Kaolin,  a 
silicate  clay  used  in  most  EPR  cable 
insulation  compounds. 


Figure  4.  Structure  of  Insulation  Near 
Fault  Site  of  Failed  Cable.  lOOx 
magnification 


Example  3 

Repeated  failures  of  a  crosslinked 
polyethylene  insulated  medium  voltage 
cable,  following  six  years  in  service, 
prompted  an  investigation  into  their  cause. 
The  cable  appeared  to  be  of  good  quality 
construction,  it  had  not  suffered  abusive 
in-situ  testing  procedures,  nor  were  any 
apparent  defects  present  in  the  materials. 
A  section  of  this  cable  was  removed  from 
service  and  prepared  into  thin  sections  for 
micro.scopic  analysis.  Optical  microscopy 
of  stained  sections  revealed  the  presence 
cf  a  large  number  of  bowt  i  e  electrical 
trees,  as  shown  in  Figure  h.  It  was  noted 
that  these  initiated  at  sites  where 
i  n  hi  o  m  o  g  e  n  e  i  t  i  e  s  e  x  i  s  t  (>  d  w  i  t,  h  i  : i  t  li  i' 
c ross  1  i I'.ked  po  1  yet. hy  1  <■:.('  (XiTK)  insulation. 
Optical  cha  r  a  c  t  e  r  i  7,  a !  i  on  indicated  that. 
these  were  not  typical  contaminants  lor  a 
cable  of  that  vintage.  ii  i  r- 1  o i  c a  1 1  y , 
c  o  n  t  a  m.  i  n  a  n  t.  s  have  includ'^d  oxidizeci 
pc  1  y  (' t.  hy  1  ene  ,  catalyst  re.o  idue,  various 
miinerai;;,  ami  oLheis.  Infrared  micro- 


spectrophotometry  [1,  2)  was  used  to 
identify  the  sites  where  tree  initiation 
had  occurred.  Spectra  obtained  from  these 
sites,  when  compared  to  a  suitable 
reference  [10],  indicated  that  the 
insulation  antioxidant  (an  am.ine  stabilized 
phenol)  was  segregated  at  these  sites. 
Analyses  of  a  non-aged  section  of  the  same 
cable  confirmed  that  this  in homogeneity 
resulted  during  manufacturing  of  the  cable 
rather  than  as  a  consequence  of  aging. 


* 


Figure  5.  Bowtie  Tree  and  its  Initiation 
Site  in  a  Field-Aged  XLPE  Cable 


Example  4 

From  the  early  i96C's  through,  the  rtiid- 
1970 's,  medium  voltage  power  cables  were 
available  with  a  min  era  1 -filled 
polyethylene  insulation.  These  cables  met 
with  mixed  experience  by  ti’.e  utility 
companies  [12].  Som.e  were  plagued  with 
failures  following  less  than  '■  years  in 
field  service,  while  others  contrnue  to 
perform  reliably  to  t.he  present  time, 
following  more  than  25  years  in  service. 
Several  analytical  tools  wore  used  to 
determine  why  som.o  cf  these  cables  suffered 
premature  degradation  while  ethers  did  not. 
Optical  microscopy  was  first  used  tc 
examine  cables  that  had  proven  unreliable. 
These  were  stained  and  oxa.mined  for  the 
presence  cf  trees  and  other  features  that 
might  have  affected  their  performance. 
Figure  6  shows  trees  in  one  of  these  cables 
and  Figure  7  stiows  a  com.mon  defect 
associated  with  sites  of  localized 
degradation.  Polarized  microscopy 

indicated  that  th«se  sites  consisted  of 
agglomerates  of  Kaolin  clay,  the  mineral 
filler  used  fer  th.is  type  of  insulation 
compound.  Cables  that  did  not  experience  a 
high  incidence  cf  failcires  were  found  to 
contain  insuiatiens  with  well  dispersed 
clays  and  appear  much  the  sarnie  as  the  EFK 
insulation  shown  in  Figure  3. 
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Figure  6.  Bowtie  Tree  in  Filled 
Polyethylene  Insulation 


Figure  7.  Clay  Agglomerates  in  Defective 
Filled  Polyethylene  Insulation 


Gas  chromatography  (GO  and  mass 
spectrometry  (MS)  [1,  2]  were  used  to 
comparatively  analyze  specimens  of  "good" 
and  "bad"  m i ne r a i - i x  1  led  polyethylene 
insulations  to  try  to  understand  why  the 
differences  in  dispersion  existed. 
Sections  of  insttlation  from  these  cables 
were  prepared  under  clean  conditions,  then 
placed  into  stainless  steel  containers  and 
heated  to  approximately  175°C.  The  gases 
evolved  from  the  specimens  were  directed 
with  a  stream  of  high  purity  nitrogen  gas 
into  the  GC/MS  system  and  analyzed.  When 
the  resulting  spectra  were  compared,  the 
well  dispersed  insulation  compound  was 
found  to  contain  a  low  moisture 
concentration  (800  ppm,  or  less)  and  a 
vinyl-silane  compound.  The  latter  is 
commercially  used  as  a  clay  surface 
treatment  agent  to  promote  the  formation  of 
chemical  bonds  between  this  material  and 
the  polyethylene  matrix.  The  bad  insul¬ 
ation  was  found  to  contain  no  traces  of  the 
vinyl-silane  compound  and  a  significantly 
higher  moisture  concentration  (>4000  ppm). 


The  latter  data  suggested  that  the  good 
cables  contained  clays  that  had  been 
sufficiently  heated  (calcined)  to  remove 
the  water  of  hydration.  This  is  known  to 
promote  better  mixing  and  is  a  process  that 
is  presently  used  for  EPR  insulation 
compounding . 


Corrosion  of  copper  concentric 
neutrals  in  underground  distribution 
systems  is  a  recognized  problem,  most 
prevalent  with  non- j  ac)teted  cables,  that 
has  received  sporadic  research  attention. 
Traditionally,  bare  copper  has  been 
relatively  corrosion-free  in  'his 
application  while  "tinned"  neutrals  have 
often  suffered  severe  corrosion  darr;aqe. 
Some  utility  companies  have  employed  anodic 
or  cathodic  protectio.n  schemes  to  reduce 
the  rate  of  neutral  corrosion.  An 
investigation  [11]  was  undertaken  to 
comparatively  explore  the  mechanism  of 
corrosion  on  bare  and  coated  neutral 
conauctors.  "^allure  of  the  neutrals  can 
introduce  operational  difficulties, 
failures  due  to  discontinuous  grou.nding, 
and  safety  concerns. 

Exposure  tests  for  periods  of  up  to 
one  year  were  performed  on  samples  of  both 
bare  and  tin-ccatea  copper  neutral  wire 
obtained  from  a  medium  voltage  power  cable 
manufacturer.  These  were  immersed  in  an 
electrolyte  with  a  standard  biological 
culturing  medium  to  simulate  a  soil 
environment.  Electrical  environmients  were 
provided  by  application  of  a  60  Hz  current 
to  the  wire  samples.  In  the  absence  of  an 
ac  voltage,  tin  has  a  negative  potential 
(anodic)  with  respect  to  copper.  This 
condition  cathcdically  protects  the 
underlying  copper  from  corrosion.  The 
application  of  an  ac  voltage  reverses  the 
relative  potentials  making  copper  the  more 
negative  (anodic)  .  In  addition,  ti.n 
coatings  are  typically  imperfect  leading  to 
small  areas  of  copper  (anode)  exposed  to  a 
large  area  of  tin  (cathode)  .  These 
combined  factors  initiate  local  attack  on 
the  exposed  copper.  Once  pitting  begins, 
the  reaction  becomes  autocatalyt ic,  that 
is,  the  corrosion  process  itself  creates  a 
local  environment  within  the  pit  which 
stimulates  further  corrosion,  as  shown  in 
Figure  8.  This  self-perpetuating  mechan¬ 
ism  can  rapidly  lead  to  failure.  Since 
this  degradation  is  localized,  it  may  not 
be  recognized  when  accessible  areas  of 
cables  are  inspected. 

The  root  cause  of  concentric  neutral 
corrosion  has  been  identified  as  a 
synergism  between  the  copper/tin  galvanic 
cell  (resulting  from  the  imperfect 
coating),  a  corrosive  environment,  and  the 
applied  ac  current.  It  is  this  particular 
combination  of  parameters  that  experience 
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enhanced  rates  of  corrosion.  Copper  or  tin 
alone  in  a  typical  soil  environment,  with 
or  without  ac  voltage,  is  comparatively 
immune  to  corrosion.  Tin-coated  copper  in 
the  soil  environment  without  ac  current 
(i.e.,  spare,  non-energized  cable)  is  also 
relatively  immune.  (Although  this  is  a 
galvanic  couple,  the  corrosion  rate  is  low 
because  the  anode,  tin,  has  a  much  larger 
e.xposed  area  than  the  cathode,  copper.) 
Application  of  ac  to  this  system,  however, 
passivates  the  tin,  rendering  it  cathodic 
with  respect  to  the  copper.  Tne  copper, 
now  the  anode,  has  a  small  exposed  area 
relative  to  the  tin,  therefore  it  corrodes 
rapidly.  Once  initiated,  these  local 
corrosion  cells  experience  aut ocataly t i c 
propagation.  The  tin-coated  copper 
neutrals,  as  received,  will  experience 
rapid,  localized  corrosion  when  energized 
in  soil.  These  results  suggest  that 
tinned  copper  neutrals  will  corrode  at  a 
greater  rate  than  bare  copper  under  the 
same  conditions. 


“Tin"  Coating 


Pit  forming  in 
Copper  Neutral 


Electrolyte 

(Og  and  cr  Present) 


Imperfection  in  Coating 


Copper  Neutral 


Figure  8.  Schematic  of  Tinned  Neutral 
Conductor  Corrosion  Process 


ROLE  OF  CABLE  JACKETS  AND  SHEATHS 

During  the  past  six  years,  a  number  of 
reports  have  clearly  indicated  the  need  to 
protect  cable  insulation  from  the 
deleterious  effects  of  underground  water 
and  its  associated  impurities  [i.e.,  3,  A, 
5,  13,  14]  .  The  authors  have  pioneer 
chemical  analyses  of  field-aged  cable 
Insulation  indicating  the  migration  of 
impurities  into  cable  insulation,  such  as 
the  example  shown  in  Figure  9.  As  further 
shown  by  the  data  in  Table  4,  the  rate  and 
extent  of  intrusion  of  these  impurities  is 
directly  related  to  the  type  of  cable 
construction  and  the  materials  chosen  for 
its  protection.  These  data  compare  the 
performance  for  cables  jaciceted  with 
polyvinyl  chloride  (PVC),  high  density 
polyethylene  (HDPE) ,  and  lead.  While 


polymer  jacl^ets  are  indicated  to  retard  the 
ingress  of  environmental  contaminants, 
particularly  when  compared  to  those  cables 
that  were  aged  without  jac)cets,  none  offers 
complete,  long-term  protection  of  the 
underlying  cable. 


TABLE  4 

Ion  Concentration  i.n  Cable  Insulatio.ns, 
Showing  Effectiveness  of  Various  Jac)<eting 
Materials 


water-soluble 


cable/condi  t.i  on 

iacicet 

ion  cone. 

1, 

non-aged 

PVC 

125 

ppm 

1, 

aged,  intact 

PVC 

850 

ppm 

1, 

aged,  punctured 

PVC 

1300 

ppm 

2, 

non-aged 

HDPE 

220 

ppm 

2, 

aged,  intact 

HDPE 

1100 

ppm 

2, 

aged,  punctured 

HDPE 

1000 

ppm 

3, 

non-aged 

none 

300 

ppm 

3, 

aged 

none 

1800 

ppm 

4, 

non-aged 

lead 

240 

ppm 

4, 

aged,  intact 

lead 

260 

ppm 

4, 

aged,  punctured 

lead 

2100 

ppm 

radial  distance  from  insulation  shield,  pm 


Figure  9.  Migration  of  Calcium  Ions  from 
Soil  Enviro.nment  Into  Underlying  Cable 
Insulation,  Comparing  Aged  and  Non-Aged 
Sections  of  Same  Cable 


While  limited  published  data  are 
available  to  indicate  the  relative 
di f f us i vi t ies  of  water  through  some  common 
polymers  [15,  16],  none  have  indicated  the 

performance  of  the  polymers  that  are 
comm.ercially  used  for  cable  jaciceting 
purposes.  To  better  assess  the  performance 
of  these  materials,  the  rates  of  water 
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diffusion  were  measured  using  thin  strips 
of  cable  materials  in  which  the  moisture 
uptake  was  measured  gravimetrically  over 
approximately  6  months  immersion  in  tap 
water  at  temperatures  of  25°C,  60°C,  and 
80°C,  following  the  examples  of  Crank  [15] . 
Table  5  summarizes  these  results.  Equation 
1  indicates  how  this  data  can  be  used  to 
estimate  the  rate  of  moisture  diffusion 
into  a  cable  with  a  jacket  of  known 
material.  It  should  be  noted  that  the 
measured  di f f us i vit ies  can  vary  according 
to  the  processing  conditions  of  a  given 
polymer . 

Do  AC 

( 1 )  flow  rate  =  F  =  [ 

where;  f  =  section  thickness 

AC  =  concentration  gradient 
Do  =  diffusion  coefficient 


TABLE  5 

E.xperimental ly  Determined  Diffusion 
Coefficients  for  Commercial  Cable  racketing 
Materials 


material  Qo  icm^/sccl 

crosslinked  polyet  Uj  j.eno 
polyvinyl  ch  .^ride 
low  density  ,j.yothylene 
linear  low  der''j.ty  polyethylene 
i-iy  1  a  r 
Teflon 
Lead 


ROLE  OF  SEMICONDUCTING  SHIELDS 

Cable  shields  have  been  shown  to 
contribute  to  the  treeing  process  through 
two  principal  mechanisms;  (1)  they  are 
known  sources  of  water-soluble  ionic 
’“3wGr‘i3lci  3Drl  (2)  t.)^Gy  msy  coritsin  soiici 
particulate  material  that  leads  to  the 
formation  of  sharp  protrusions  at  the 
s h i e 1 d / i n su 1  a t i on  interfaces  where 
electrical  stresses  may  be  locally 
concentrated. 

The  need  for  clean  shielding  compounds 
was  systematically  indicated  through  a 
study  supported  by  the  U.S.  Department  of 
Energy,  with  the  cooperation  of  a  major 
cable  materials  supplier  [18] .  Shield 
comipounds  corisist  of  a  host  polymer, 
typically  EVA  or  EEA,  whicfi  is  filled  with 
approximately  40  wt%  carbon  black.  The 
carbon  black  may  be  produced  through  a 
variety  of  pyrolysis  processes  from  a  range 
of  raw  materials.  The  starting  materials 
vary  in  their  purity  levels  and  this 
directly  affects  the  cleanliness  of  the 
resulting  carbon  black  [20,  21].  While 
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impurities  may  also  exist  in  t.he  base 
polymer  and  its  associated  antioxidant,  the 
carbon  black  has  been  shown  to  be  the  most 
significant  contributor  of  the  impurities 
that  have  been  linked  to  the  formation  of 
water  trees.  Recently,  a  comprehensive 
program  was  undertaken  to  determine  what 
cleanliness  levels  could  be  achieved  using 
improvements  in  processing  technology  and 
feedstock  controls  [19]  .  It  is  now  felt 
that  state-of-the-art  cleanliness  has  been 
achieved  by  using  carbon  blacks  produced 
through  the  furnace  or  acetylene  pyrolysis 
processes.  Carbon  blacks  produced  today 
contain  less  than  10%  of  the  impurities 
present  ten  years  ago  [20]  .  Removal  of  the 
impurities  has  also  improved  the  smoothness 
of  these  compounds  since  the  irregularities 
were  caused  by  the  impurities. 


DISCUSSION 

Through  experience  gained  by  analyses 
of  field-aged  cables,  laboratory-aged 
cables,  and  laboratory-aged  cable 
materials,  an  improved  understanding  of  the 
aging  processes  has  been  realized. 
Associated  with  this  imiproved  level  of 
knowledge  has  been  a  dramatic  improvement 
in  the  materials  from  which  cables  are 
made,  cable  designs,  and  the  choice  of 
materials  used  for  cable  construction. 

Filled  insulation  systems  now 
exclusively  use  surface-treated,  calcined 
fillers  to  promote  improved  dispersion. 
Non-filled  insulations  are  now  considerably 
cleaner  than  those  produced  ten  years  ago. 
Optical  inspection  devices  can  be 
incorporated  to  exclude  polyethylene 
pellets  that  inc  lude  visible  impurities  or 
discolorations.  Owing  to  improved 
antioxidant  selection  and  improved 
concentration  control,  agglomerates  ^f 
antioxidants  are  seiuoin  encountered. 

One  m.ajor  supplier  of  cable  jacketing 
materials  has  recently  introduced  an 
improved  semiconducting  jacketing  compound 
that  offers  moisture  resistance  comparable 
to  that  of  an  insulating  jacket. 

The  industry  has  moved  dramatically 
toward  cleaner  shielding  compounds.  As  a 
result,  the  sources  of  t r ee - i nduc ing  ions 
lias  been  greatly  reduced,  while  smoothness 
of  the  shield/ insulation  interfaces  has 
bee.n  realized  as  an  associated  benefit. 

Higher  technology  jacketing  materials 
are  becoming  available.  Several 
manufacturers  have  developed  cable  jackets 
that  incorporate  integral  thin  lead  films 
so  that  complete  moisture  resistance  can  be 
achieved.  This  design  offers  the  exterior 
protection  provided  by  a  conventional  lead 
sheath  but  has  the  added  adv'antage  of 
having  a  minimal  effect  on  ttie  outer 
diameter  of  the  cable. 
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[6] 


Historically,  most  utility  companies 
have  purchased  cables  on  a  competitive 
bidding  basis,  with  contracts  being  awarded 
on  the  basis  of  lowest  cost.  As  results  of 
cable  aging  studies  have  become  available, 
many  utilities  have  come  to  recognize  that 
a  premium  price  for  a  longer  lasting  cable 
may  be  a  better  bargain  in  the  long  run. 
This  has  led  some  companies  to  develop 
specifications  that  stipulate  certain 
materials,  aesigns,  and  performance 
features.  Some  have  further  developed  a 
policy  of  having  their  own  inspectors 
present  in  the  plants  when  their  cables  are 
being  made  and/or  inspected. 
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Abstracl 

Exact™  polymers,  produced  via  new  single-site  catalyst 
technology  developed  at  Exxon  Chemical  Company(l), 
features  narrow  distributions  of  molecular  weight  and 
chemical  composition.  Control  of  these  parameters  can  be 
used  to  tailor  the  molecular  architecture  of  ethylene 
polymers  to  produce  low  and  medium  voltage  cables  with 
improved  performance. 

This  paper  discusses  the  applicability  of  tailoring  polymer 
structure  to  meet  both  power  cable  applications  and  low 
voltage  wire  requirements.  Minimization  of  the  high  and 
low  MW  tails  of  the  new  specialty  linear  polymers  (SLP), 
and  uniform  distribution  of  its  comonomer  can  be  desirable 
for  achieving  optimum  performance  properties.  In 
addition,  polymer  properties  affected  by  MW,  MWD,  and 
composition^  distribution  (CD)  were  studied.  Finally, 
polymer  properties  such  as  crosslinkability,  filler 
acceptance,  tree  retardancy,  etc.  and  how  they  relate  to 
cable  performance  are  discussed. 


LitrQduc.tiQn 

As  a  result  of  the  development  of  unique  catalyst  and 
process  technology  at  Exxon  Chemical  Company(l),  a  new 
class  of  ethylene  polymers,  which  will  be  referred  to  in  this 
pap^  as  specialty  linear  polymers  (SLP),  are  available  in  a 
broad  range  of  densities;  from  plastomers(2)  (0.870-0.899 
g/cm)  to  VLDPE  (0.900-0.914  g/cm)  to  LLDPE  (^.915) 
and  a  broad  range  of  melt  indices  (0.2  to  30-h  dg/min). 
They  have  the  required  physical  and  electrical  properties  to 
make  them  suitable  for  use  in  the  total  construction  of  a 
power  cable,  i.e.  insulation,  insulation  shields,  and 
jacketing.  In  addition,  the  SLP's  have  good  filler 
acceptance  and  compounding  latitude  .'tnd  could  be  used  in 
low  voltage  specialty  wires. 

With  this  unique  class  of  specialty  linear  polymers,  it  is 
possible  to  have  the  electrical  and  physical  properties 
associated  with  low  density  polyethylene  and  the  tree 
retardancy  and  flexibility  associated  with  EP  rubber. 

In  this  paper,  the  influence  of  polymer  properties  (density, 
molecular  weight,  molecular  weight  distribution, 
compKtsitional  distribution)  on  performance  attributes  such 


as  crosslinkability,  physical  properties,  filler  acceptance, 
tree  retardancy,  and  processability  are  discussed  The 
electrical  properties  and  physical  performance 
characteristics  of  the  new  specialty  linear  polymers  arc 
demonstrated  relative  to  low  density  polyethylene  and 
ethylene-propylene  rubbers. 

L  General  Polymer  Properties 

Two  very  important  properties  of  polyolefins,  critical  to 
their  success  for  wire  and  cable  application,  are  physical 
properties  and  processability.  Producing  a  high  level  of 
performance  in  these  two  properties  and  an  optimum 
balance  between  them  has  long  been  the  focus  of  efforts  in 
the  industry. 

The  key  to  accomplishing  this  is  control  of  the  molecular 
structure  of  the  basic  polymer  molecules  and  with  the 
discovery  of  single-site  catalysis  this  is  now  possible.  In 
particular,  two  aspects  of  the  molecular  structure  are  of 
primary  importance.  These  are  the  control  of  the  high 
molecular  weight  and  low  molecular  weight  tails  of  the 
molecular  weight  distribution  and  the  control  of  the 
comonomer  distribution  among  the  polyolefin 
molecules(3,4). 

The  influence  of  these  structural  features  on  polymer 
performance  relative  to  the  requirements  for  wire  and  cable 
applications  are  the  focus  of  this  paper. 


Molecular  Weight  and  Molecular  Weight  Di.strihiirion 

Molecular  weight  and  molecular  weight  distribution  play  a 
significant  role  in  melt  processability  as  well  as  in  the  level 
and  balance  of  physical  properties  achievable.  The  MWD's 
of  three  linear  backbone  polymers  are  shown  in  Figure  1 :  a 
single-site  Ziegler  catalyzed  resin  (SLP)  with  narrow  MWD 
(Mw/Mn  ~  2.0  (most  probable  distribution))  and  two  multi¬ 
site  Ziegler  type  resins  which  have  broader  MWD’s 
(Mw/Mn  =  3.3  and  6.7)(5).  Of  particular  note  is  the  much 
lower  concentration  of  both  low  MW  and  high  MW 
components  in  the  SLP  resin. 
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Because  there  is  no  low  MW  tail  in  the  SLP  polymers,  the 
materials  are  much  less  tacky  than  conventional  broader 
MWD  polyolefins(5).  This  has  a  number  of  consequences. 
Firstly,  even  the  very  low  density  polymers  with  a  density 
around  0.880  g/cm^  (plastomers)  arc  easily  pelletized  and 
the  pellets  require  no  dusting  to  prevent  agglomeration. 
Elimination  of  the  low  MW  tail  also  means  less  volatiles 
during  processing  (lower  hexane  solubles).  Secondly,  the 
absence  of  the  high  molecular  weight  tail  allows  lower 
processing  temperatures  because  the  melting  point  of  the 
polymer  will  be  lower.  The  missing  high  MW  tail  also 
means  less  shrinkback.  The  NMWD  also  creates  the 
potential  for  melt  fracture. 


Composition  distribution  (CD)  refers  to  the  distribution  of 
comonomer  between  polymer  molecules  -  i.e.  an 
intermolecular  effect.  This  feature  relates  directly  to 
polymer  crystallizability,  hexane  extractability,  toughness 
properties  and  many  other  important  properties  including 
niler  acceptance  at  a  given  density  and  crosslinkability.  The 
polymers  under  consideration  here  possess  narrow  CD  -  i.e. 
all  of  the  polymer  molecules  (chains)  tend  to  have  the  same 
comonomer  content  throughout  the  entire  resin  sample 
regardless  of  the  MW  of  the  chain.  In  contrast,  resins  made 
from  multi-site  Ziegler  catalysts  tend  to  have  a  very 
disparate  CD;  low  MW  molecular  chains  have  high 
comonomer  content  while  the  high  molecular  weight  chains 
are  very  low  in  comonomer  content.  This  is  demonstrated 
in  Figure  2. 


The  composition  distribution  of  these  polymers  was 
determined  using  a  proprietary  fractionation  method.  The 
graph  shown  in  Figure  3  compares  one  of  the  new 
copolymers  with  a  multi-site  Ziegler  catalyzed  resin.  The 
multi-site  Ziegler  catalyzed  resin  has  a  broad  CD  containing 
copolymer  molecules  with  very  low  comonomer  content  on 
the  one  side  and  copolymer  molecules  with  very  high 
comonomer  content  on  the  other.  The  new  resin  by  contrast 
is  a  very  narrow  CD  material  with  the  copolymer  molecules 
clustered  tightly  around  a  single  comonomer  content  These 
differing  CD’s  influence  a  number  of  inqMitant  properties. 


Multi-Site  Ziegler 
1  MIA).920p 


SLP  Polymer 
1.5MIA).919p 


Elution  Temperature  (*C) 

Composition,  Branct)es/1  OOOC 
Figure  3. 


The  true  value  of  the  SLP  polymers  is  realized  through  a 
combination  of  narrow  MWD,  narrow  CD,  and  product 
cleanliness.  Narrow  MWD/CD  resins  have  a  balance  of 
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physical  and  melt  flow  properties  that  are  well  suited  for 
many  applications.  Properties  can  be  significantly  altered 
by  tailoring  the  MWD  and/or  CD.  This  is  illustrated  in 
Table  I  below.  Both  polymers  have  a  density  of  0.920  and  a 
melt  index  of  5.0.  In  the  flrst  example  polymer  properties 
of  68  g/mil  tear  strength  and  22%  hexane  insolubles  were 
achieved.  The  Type  II  example  shows  a  dramatic  difference 
in  properties  obtained  by  tailoring  the  MWD  and  CD.  Tear 
strength  was  significantly  increased  (150  — >  530  Ib/in)  and 
hexane  solubles  significantly  decreased  (22%  3%). 

Table  I.  Polymer  Properties  .is  a  Function  of  MW/CD  Combinations. 

Sample  Tear  Strength  Hexane  Solubles 

Type  1  68  g/mil  ( 1 50  Ih/in)  22% 

Type  U  240  g/mU  (530  Ib/in)  3% 


Melting  Point 

Having  a  narrow  CD  leads  to  a  narrow  melting  point  range 
and  to  a  lower  peak  melting  point  than  a  resin  of  similar 
melt  index  and  density  made  with  a  multi-site  Ziegler 
catalyst.  Illustrated  in  Figure  4  are  the  DSC  curves  for  two 
polymers  with  equivalent  density  and  identical  comonomer 
type.  The  new  SLP  copolymer  has  a  peak  melting  point  of 
about  100°C  while  the  multi-site  Ziegler  resin  has  a  peak 
melting  point  of  about  120°C,  even  though  the  density  is 
equivalent 


other  hand  the  peak  melting  point  of  the  single-site  resins 
varies  uniformly  with  resin  density  because  of  the  narrow 
MWD  and  more  uniform  CD.  The  melting  point  can  be 
adjusted  to  meet  the  requirements  of  a  given  application  by 
altering  density  or  combining  narrow  CD  polymers.  As  you 
move  to  lower  densities  the  copolymers  may  start 
processing  more  like  elastomers  than  plastics,  i.e.  large  L/D 
ratios  (extruder  length  to  diameter)  and  high  temperatures 
are  not  necessary.  This  can  provide  a  larger  processing 
window  to  operate  without  scotching,  and  requires  less 
energy. 


n.  Polymer  Attributes  for  Power  Cables 


The  melting  point  as  a  function  of  polymer  density  is  plotted 
in  Figure  5  for  both  multi-site  Ziegler  polymers  and  the  new 
SLP  polymers.  Multi-site  Ziegler  products  tend  to  retain  a 
high  melting  peak  over  a  wide  density  range,  because  the 
high  molecular  weight  tail  determines  the  peak  of 
the  melting  point  curve  and  because  the  high  molecular 
weight  tail  contains  lesser  amounts  of  comonomer.  On  the 


The  following  sections  describe  attributes  of  the  new  class 
of  polymers  which  can  be  translated  into  performance 
attributes  desirable  for  components  in  the  construction  of  a 
power  cable.  A  list  of  the  ASTM  methods  used  to  obtain 
the  data  in  this  section  is  given  in  reference  (6). 


These  new  polymers  can  be  crosslinked  by  both  peroxide 
and  radiation  curing.  The  peroxide  response  of  two  of  the 
SLP  polymers  as  well  as  a  crystalline  EPDM  and  an  LDPE 
arc  shown  in  Figure  6.  Torque  values  (a  measure  of 
modulus  build-up)  are  plotted  against  peroxide 
concentration.  The  top  curve  represents  one  of  the  SLP 
polymers  which  contains  residual  unsaturation.  The  middle 
lines  show  an  equivalent  response  of  a  saturated  SLP 
polymer  to  EP,  both  being  better  than  LDPE  in  an 
environment  of  equivalent  peroxide  levels. 
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The  radiation  response  of  one  of  the  new  polymers  relative 
to  a  LDPE  is  shown  in  Figure  7.  The  polymers  have  similar 
MI  and  density.  Again,  the  new  class  of  polymers  show 
significantly  greater  crosslinking  response  in  an 
environment  of  equivalent  radiation  levels  as  evidenced  by 
the  greater  levels  of  torque  measured  by  ODR. 


The  excellent  cure  response  of  the  new  specialty  linear 
polymers  to  either  peroxide  or  radiation  makes  them 
attractive  for  use  in  both  medium  or  low  voltage  wire 
constructions.  It  is  also  anticipated  that  this  class  of  new 
polymers  will  be  responsive  to  silane  grafting  and  moisture 
crosslinking. 

Tree  Retardanev 

One  of  the  most  interesting  attributes  of  these  new  polymers 
is  their  tree  retardance.  Tree  retardancy  tests  were 
performed  at  an  independent  laboratory  (National  Research 
Council  of  Canada)  using  the  following  methods.  A  75mil 
plaque  containing  the  polymer,  peroxide  and  stabilizer  were 
pressed  at  175°C  then  cut  into  1”  circles.  Three  small  areas 
were  sandblasted  onto  the  surface  of  the  circles  to  accelerate 
tree  initiation.  The  samples  were  stressed  at  6kV,  lOOOHz 
using  the  apparatus  and  procedure  in  reference(7).  After 


3,500  hours  the  specimens  were  removed  from  the  test  and 
analyzed.  The  "degree  of  treeing"  was  determined  by 
slicing  the  sample  vertically  through  two  of  the  sandblasted 
areas  and  then  measuring  the  length  of  the  trees  relative  to 
the  thickness  of  the  sample  (stress  is  proportional  to  the 
thickness).  TTie  method  is  shown  in  Figure  8.  All  samples 
were  tested  in  triplicate. 


Analysis  of  Tree  Retardancy  Test  Samples 


Sancl^lasted  areas 
to  initiate  tree  growth 


Figure  8. 


tree  length 

#  trees/mm 

- *  Stress 

thickness 


The  tree  retardancy  test  involved  34  types  of  samples  which 
included  the  leading  commercial  materials  which  are 
available  today,  both  tree  retardant  and  basic  XLPE  and 
EPR  compounds.  The  tree  rating  (0-100)  for  each  of  the 
samples  was  determined  as  described  above.  The  samples 
were  then  ranked  in  performance  in  four  qualitative  groups 
(excellent,  good,  fair,  poor)  according  to  natural  breaks  in 
the  data.  The  results  are  summarized  in  Table  D. 


Table  H  Tree  Retardancy  Performance 


.Samnie 

Tree 

Ratine* 

Performance 

Ratine 

MV  EPR 
compound 

1 

Excellent 

Clay  filled  insulation 
compound  w/ 
additives 

Exact™ 

SLP-4009** 

6 

Excellent 

No  tree  retardant  additives, 
no  filler 

Exact™ 

SLP-4003** 

16 

Good 

No  tree  retardant  additives, 
no  filler 

Commercial  tree 
retardant  XLPE 

22 

Good 

Tree  retardant  additives, 
no  filler 

LDPE (XLPE 
standard)*  * 

68 

Poor 

No  tree  retardant  additives, 
no  filler 

*Tree  rating  =  tree  length  divided  by  sample  thickness  x  100. 


**Samples  were  crosslinked  with  2.6%  Dicup  R  and  contained  a 
small  amount  of  stabilizer. 
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The  Exact^  polymers,  with  no  tree  retardant  additives  and 
no  filler,  performed  very  well  against  the  commercial 
crosslinked  compounds  currently  being  used  for  tree 
retardant  insulation.  These  properties  are  a  result  of  the 
unique  architecture  of  these  polymers.  Future  work  will 
include  testing  of  full  size  power  cables(8)  to  verify  these 
laboratory  results. 

Electrical  Properties 

The  electrical  properties  of  the  new  class  of  polymers  are 
compared  in  Table  III  with  a  semicrystalline  EP  rubber, 
both  in  a  filled  crosslinked  MV  insulation  compound. 

With  Filler: 

Table  III.  Electrical  Properties  of  Polymers  in  a  Filled  Compound. 


MV  Insulation 
SLP4003 
Compound _ 

MV  Semi¬ 
crystalline  EPR 
Compound 

Dielectric  Constant 

■•’Original 

2.64 

2.75 

■►1  Day/WC  Water 

2.40 

2.50 

+7  Days/90°C  Water 

2.44 

2.51 

■•■30  Days/90°C  Water 

2.42 

2.52 

Dissipation  Factor.  % 

■••  Original 

0.21 

0.21 

■►1  Day/SO'C  Water 

0.78 

0,74 

+7  Days/90°C  Water 

0.52 

0.56 

-•30  Days/WX  Water 

0.50 

0.48 

As  shown  in  Table  III,  the  new  SLP  polymer  in  a  filled 
compound  has  electrical  properties  equal  to  a 
semicrystalline  EPR. ,  This  result  is  expected  since  the 
electrical  properties  are  dominated  by  filler  type  and  filler 
loading. 

Without  filler: 

Without  filler,  these  new  polymers  perform  equal  to  the  best 
LDPE  polymers  in  an  XLPE  formulation,  see  Table  IV. 

Table  IV.  Electrical  Properties  of  Neat  Crosslinked  Polymers. 


SLP-4003  XLPE 


Dielectric  Constant 

-•  Original 

2.30 

2.37 

-•1  Day/90°C  Water 

2.15 

2.16 

+7  Days/90°C  Water 

2.12 

2.15 

■•30  Days/WC  Water 

2.12 

2.14 

Dissipation  Factor.  % 

■•  Original 

0.035 

0.037 

■•1  Day/90°C  Water 

0.032 

0.0.34 

■•7  Days/WC  Water 

0.037 

0.038 

■•30  Days/90°C  Water 

0.037 

0.036 

Mechanical  Properties 

The  SLP  polymers  have  excellent  physical  properties  which 
combined  with  the  previously  shown  electrical  properties 
makes  them  highly  suitable  for  many  power  cable 
applications.  Table  V  shows  a  comparison  of  the  physical 
properties  of  a  scmicrystalline  EP  and  a  low  density 
polymer  (plastomer)  made  with  the  single-site  catalysts. 

Table  V.  Mechanical  Properties  of  Filled  Crosslinked  Polymer 
Formulations. 


Filled 

Filled 

Plastomer 

EPR 

(0.g80p) 

Insulation 

100%  Modulus,  psi 

1185 

685 

300%  Modulus,  psi 

2290 

1650 

Tensile  Strength,  psi 

2555 

1710 

Elongation,  % 

405 

320 

Aged  7  Days,  1S0°C 
%  Tensile  retained 

100 

105 

%  Elongation  retained 

92 

94 

The  data  in  Table  V  demonstrate  the  excellence  of 
mechanical  properties  of  the  new  class  of  polymers.  These 
properties  make  the  plastomers  highly  attractive  as  an  EPR 
alternative.  The  modulus,  tensile  strength,  and  elongation 
both  before  and  after  aging  arc  significantly  greater  than  for 
a  filled  semicrystalline  EP  formulation. 

In  Table  VI,  the  mechanical  properties  of  the  specialty 
linear  polymers,  are  compared  with  a  commercial  LDPE 
formulation.  In  each  case,  the  polymers  were  crosslinked 
and  did  not  contain  filler. 

Table  VI.  Mechanical  Properties  of  Unfilled  Crosslinked  Polymers. 

Crosslinked 

Crosslinked  SLP 

SLP  VLDPE  Commercial  Plastomer 

(0.902p)  XLPE  (0.880p) 


Tensile  Strength,  psi 

3200 

2400 

2475 

Elongation,  % 

540 

550 

520 

Aged  7  Days 

150°C 

136»C 

150°C 

%  Tensile  retained 

92 

95 

98% 

Elongation  retained 

99 

95 

98 

The  mechanical  properties  of  these  new  NMWD  polymers 
are  also  attractive  and  make  them  interesting  in  XLPE 

power  cable  applications.  Because  of  the  NMWD,  the  new 
polymers  have  very  good  mechanical  properties.  Therefore, 
SLFs  with  lower  density  than  XLPE  can  meet  the 
mechanical  performance  criteria  required  in  today's  XLPE 
applications,  but  add  more  flexibility.  Because  of  the 
unique  comonomer  distribution  and  MWD,  these  polymers 
exhibit  exceptional  tensile  strength.  Even  the  0.880p 
plastomer  has  a  tensile  strength  equivalent  to  XLPE.  The 
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new  polymers  retain  tensile  and  elongation  properties  even 
when  aged  at  a  temperature  higher  than  XLPE  can 
withstand. 

Tensile  Set 

Tensile  set  nneasurements  were  conducted  to  test  the  new 
polymers  in  a  standard  EPR  test.  The  samples  contain  a 
base  stabilization  package  and  no  filler.  After  cure,  by 
either  radiation  or  peroxide,  samples  were  elongated  to 
200%,  held  10  minutes,  allowed  to  relax  for  10  minutes,  and 
then  measured  to  determine  the  extent  to  which  the  samples 
had  recovered  their  original  length. 

Data  after  radiation  comparing  an  amorphous  EPR,  several 
of  the  new  polymers,  and  a  crosslinked  LDPE  are  shown  in 
Figure  9. 


120 


EPR  {d-089)  M-OM) 


Figure  9. 


The  peroxide  data  comparing  a  semicrystalline  EPR,  an 
amorphous  EPR,  several  of  the  new  polymers,  and  a 
crosslinked  LDPE  are  shown  in  the  next  figure. 


Again,  these  data  demonstrate  that  the  SLP  polymers  cure 
well  and  have  excellent  modulus  after  cure. 


Filler  Acceptance 

For  purposes  of  economics  in  the  nnanufacture  of  low 
voltage  wires,  it  is  usually  desirable  to  load  the  polymer 
with  high  levels  of  fillers.  EP  rubbers  have  the  ability  to 
accept  large  quantities  of  filler,  in  fact,  the  filler  has  the 
function  of  reinforcing  the  EPR  and  thereby  imparting  to  it 
a  desirable  level  of  physical  properties.  Polyethylene 
polymers,  on  the  other  hand,  do  not  readily  accept  fillers 
above  the  25%  level.  The  SLP  polymers  have  good  filler 
acceptance  of  both  carbon  black  and  Kaolin-clays.  This 
ability  of  the  SLP  polymers  to  accept  loadings  of  filler  at 
100  php  or  even  higher  levels  is  a  result  of  its  almost 
uniform  comonomer  distribution. 

In  Figtircs  1 1  and  12,  the  effect  of  tiller  loading  on  tensile 
strength  and  elongation  of  two  SLP  polymers  are  shown. 
As  expected  ,  the  tensile  strength  of  the  0.90  density 
polymer  is  higher  than  the  lower  density  more  flexible  0.88 
density  polymer.  However,  the  plastomer  processed  better 
showing  no  signs  of  melt  fracture  during  extrusion. 


EFFECT  OF  FILLER  LOADING  ON  TENSILE 

TENSILE  STRENGTH.  PSI 


FILLER  LOADING,  PHR 

lOMDCNSlTV  ■i0  90  0€M8fTr 

Figure  1 1 


EFFECT  OF  FILLER  LOADING  ON  ELONGATION 


ELONGATION.  % 

600 


FILLER  LOADING.  PHR 


osaoCNSiTv  ■■omoenutt 

Figure  12 
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Product  Regions  (Plastomers,  waxes,  VLDPE,  etc.) 

These  ethylene  based  polymers  span  a  wide  range  of 
molecular  weight  and  comonomer  content  -  ranging  from 
extremely  viscous  high  molecular  weight  resins  to  low 
molecular  weight  liquids,  from  highly  crystalline,  stiff 
materials  to  low  modulus,  amorphous  polymers.  A  graphic 
illustration  of  the  wide  range  of  products  available  using 
single-site  catalysis  is  shown  in  Figure  13.  The  resins  of 
principal  focus  in  this  paper  were  those  of  higher  molecular 
weight,  MI  =  0,2  -  30,  and  in  the  linear  low  and  low  density 
areas,  p  =  0.930  -  0.870  because  those  are  the  polymers  with 
the  most  obvious  uses  in  power  cable  construction. 


0.86  086  090  0.92  0  94  096 

Density 
Figure  1 3 


Conclusion 


2)  The  term  “plastomcr"  refers  to  ethylene-based 
copolymers  with  density  <0.900g/cm3  down  to 
~0.865g/cm3  with  a  MW  level  >Mw  20,000 
(~200M1  and  lower)  between  PLAStics 
(LL/VLDPE)  and  ethylene/alpha-olefin 
elasTOMERS  in  amount  of  ethylene  crystallinity. 

3)  A.K.  Mehta,  C.S.  Speed,  ct.al.,  "Structure/Property 
Relationships  in  Exxpolv  Polymers",  SPE  Retec 
Southwest  Section.  Houston,  TX.  February  25, 
1991. 

4)  M.P.  Jeffries,  "Exxpol™  Technology",  SPE 
Southwest  Section,  December  10, 1990. 

5)  J.  Boor,  Jr.,  "Ziegler  Natta  Catalysts  and 
Polymerization",  Academic  Press  Inc.,  1979. 

6)  ASTM  methods  used  for  the  tests  conducted 
throughout  this  paper  are:  Shore  A  Hardness, 
ASTM  C886;  Secant  Modulus,  ASTM  D790; 
Tensile/Elongation,  ASTM  D638;  Dielectric 
Constant/Dissipation  Factor,  ASTM  D150; 
Dielectric  Strength,  ASTM  D149;  ODR,  ASTM 
D2084. 

7)  A.T.  Bulinski,  S.S.  Bamji.  R.J.  Densley,  J.-P. 

Crinc,  B.  Noirhomme,  B.S.  Bernstein,  "Water 
Treeing  in  a  Heavily  Oxidized  Cross-linked 
Polyethylene  Insulation,"  Proceedings  of  the  Sixth 
Internationa)  Symposium  on  High  Voltage 
Engineering,  New  Orleans,  LA.  August  28  - 
September  1, 1989.  In  press. 

8)  R.  Lyle,  J.W.  Kirkland,  "An  Accelerated  Life  Test 
for  Evaluating  Power  Cable  Insulation",  lEE  Winter 
Power  Meeting,  Atlanta,  GA.,  1981 


Initial  laboratory  studies  show  that  Exact^  polymers  are 
suitable  for  many  components  in  power  cable  construction. 
Excellent  crosslinkability  with  both  peroxides  and  radiation, 
making  the  polymers  suitable  for  both  MV  and  LV 
insulation  applications,  has  been  demonstrated.  With  the 
appropriate  polymer  architecture,  the  low  density  plastomers 
have  "''od  tree  retardance  without  tree-retardant  additives 
and  have  good  filler  acceptance  making  them  attractive  for 
both  MV  and  LV  insulation  applications.  The  higher  density 
materials  exhibit  excellent  mechanical  properties  and  may 
be  useful  for  jacketing  applications.  The  good  combination 
of  electrical  and  physical  properties  make  this  new  class  of 
polymers  interesting  candidates  for  both  XLPE  and 
semicrystalline  EPR  insulation  applications. 
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MEETING  THE  DEMANDS  OF  EVOLVING  PREMISES 
NETWORKS 


Donald  R.  Coover 


ATiT 


An  explosive  growth  in  information 
exchanged  electronically  and  optically 
within  offices  places  a  high  premium  on 
connectivity.  information  managers  are 
demanding  far  more  of  the  copper  and 
fiber  optic  cable  systems  that  pipe 
voice,  data,  video,  security  monitoring, 
temperature  regulation,  lighting  control, 
and  other  signals  throughout  a  building 
or  campus.  They  want  premises 
distribution  systems  that  accommodate 
equipment  from  any  vendor,  and  expect 
such  systems  to  handle  new  technologies 
such  as  the  Fiber  Distributed  Data 
Interface  (FDDI) ,  fiber  to  the  desk, 
synchronous  optical  transmission,  and 
intelligent  building  systems. 


Building  wiring  has  truly  become  the 
fourth  utility.  Information  managers, 
building  owners  and  occupants  must 
consider  the  connectivity  requirements  of 
both  their  existing  and  future  building 
systems  (heating/ventilation,  air 
conditioning,  security,  fire-life-safety, 
etc.)  as  well  as  building  services 
(voice,  data,  video  and  Local  Area 
Networks)  for  new  construction  as  well  as 
retrofit  projects. 

Hy  presentation  this  afternoon  centers 
around  the  Impact  of  building  wiring  on 
the  emerging  "Intelligent  Building", 
uniform  versus  non-uniform  premises 
wiring  schemes  and  a  suggested  approach 
to  implementing  premises  wiring. 


TYPICAL  INTELLIGENT  BUILDING 
CHARACTERISTICS 

The  definition  of  an  "Intelligent 
Building"  as  viewed  by  the  Intelligent 
Buildings  Institute  (Fig.  II)  is  one  of 
the  most  comprehensive  descriptions  I 
have  seen  concerning  what  I  would 
consider  as  typical  Intelligent  Building 
characteristics . 

In  my  opinion,  all  the  characteristics  of 
an  Intelligent  Building  must  be 
considered  when  designing  and 
implementing  premises  wiring  in  support 
of  existing  and  future  Intelligent 
Building  systems  and  services. 

Rapid  deployment  of  technology  and 
systems  integration  are  driving  market 
demand  for  open  protocols,  and  industry 
standard  interfaces  between  various 
manufacturers’  equipment  on  a  global 
basis.  Customers  want  and  are  beginning 
to  demand  the  capability  to  purchase 
hardware  and  software  from  vendor  A  arid 
have  it  communicate  with  hardware  and 
software  provided  by  vendor  B.  This 
ability  to  mix  and  match  different 
vendors  equipment  and  devices  using 
standard  interfaces  allows  customers  the 
ability  to  procure  the  best  performance 
for  the  lowest  cost. 

CAPITALIZE  ON  INVESTMENT 

Premises  wiring  is  a  large  capital  and 
operational  investment  for 
building  developers,  owners  and  managers. 
From  their  perspective,  there  is  a  need 
to  capitalize  on  that  investment. 
Traditionally,  telecommunications  system 
wiring  costs  (labor  and  material)  for  a 
telephone  system,  range  from  20  -  40% 
percent  of  the  total  systems  cost. 

In  discussions  with  several  major 
building  control  vendors,  they  agreed 
that  the  labor  and  materials  required  to 
connect  a  typical  building  management 
system  average  at  least  33  percent  of  the 
systems  initial  cost. 
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Imagine  the  impact  if  a  mingle  integrated 
low  voltage  premises  wiring  system  could 
be  installed  in  an  Intelligent  Building 
or  Campus  that  would  provide  connectivity 
and  transparent  information  flow  between 
telecommunications,  data  processing, 
andtraditional  building  automation 
systems . 

From  a  building  owner  or  managers 
perspective  the  benefits  include  lower 
material  and  labor  costs,  the  ability  to 
evolve  to  new  technologies  and  protection 
of  their  current  investment  in  premises 
wiring,  reduced  physical  space 
requirements,  lower  relocations  (moves  6 
changes)  expenses,  lower  maintenance  and 
administration  costs,  and  the  ability  to 
migrate  and  integrate  new  technologies 
with  greater  ease,  less  risk  and  lower 
costs. 

From  the  manufacturers  perspective  the 
potential  ability  to  reduce  connectivity 
costs,  the  emergence  of  global  protocol 
and  connectivity  standards  and  the 
capability  to  provide  their  "added  value 
to  larger  integrated  systems  solutions 
could  have  a  dramatic  impact  on  their 
future . 

For  the  vendors,  there  are  many  choices 
when  considering  premises  connectivity 
requirements.  The  decision  to 

incorporate  the  correct  media,  i.e.,  18 

hVG,  coaxial,  unshielded  or  shielded 
twisted  pair  copper  or  fiber  optic  wirpg 
and  cables,  and  adherence  to  building 
wiring  standards  (Fig  2)  and  open 
protocols  when  developing  future  systems 
and  products  may  directly  impact  the 
success  of  that  vendor  in  the  evolving 
market-driven  intelligent  Building 
environment  of  the  90 's. 


INTEGRATED  NETWORKS  AND  SYSTEMS 

The  impact  of  technology  on  business  in 
the  past  decade  has  been  tremendous. 
Remember  that  prior  to  1980,  the  personal 
computer  did  not  exist,  there  were  no 
digital  PABX  telephone  systems  and  the 
building  controls  industry  was  primarily 
based  on  pneumatic  technology. 

Advancing  technology  in  the  Intelligent 
Building  field  has  certainly  had  a 
dramatic  effect  on  how  business  is 
conducted  throughout  the  world;  however, 
these  technologies  have  been  primarily 
based  on  stand  alone  systems  and  for  the 
most  part  can  be  considered  "islands  of 
automation"  (Fig  3).  The  need  to 
integrate  these  existing  "Islands  of 
automation"  will  increase  as  we  enter  the 
1990s.  The  need  is  developing  to 
integrate  building  support  systems  that 
monitor  and  control  energy  usage,  fire 
safety,  lighting,  security  and  process 
control  with  the  telecommunications  and 
office  automation  systems  found  in  modern 
structures.  Just  as  office 
communications  systems  have  migrated  from 
proprietary  connecting  schemes  to 
structured  uniform  wiring  systems 
handling  voice  and  data,  buii.ding 
automation  systems  will  evolve  to  support 
open  systems  connectivity.  This  will 
allow  the  evolution  from  proprietary 
connecting  schemes  to  integrated  wiring 
systems  that  connect  telecommunications, 
office  automation  and  building  automation 
systems,  devices  and  applications. 

In  my  opinion,  the  emerging  "Intelligent 
Building  and  Campus"  will  not  rely  on 
outlets  in  offices,  but  on  "smart  access 
points"  to  provide  integrated  information 
pathways.  By  utilizing  this  integrated 
information  pathway  approach, 
communications,  data  and  support  systems 
and  devices  can  share  common  backbone 
and  administration  systems  allowing 
building  owners  and  managers  to  reduce 
installation  and  system  administrations 
costs . 
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Such  Integrated  systea  eolutlone  allow 
customers  to  move  and  manage  all  the 
Information  within  a  building  using  a 
common  and  open  wiring  architecture  based 
on  global  standards. 

The  Intelligent  Building  Institute  is 
addressing  this  issue  and  has  endorsed 
unshielded  twisted  pair  copper  wire  and 
62.5  micron,  multimode  fiber  optic  cable 
for  Intelligent  Building/Campus 
distribution  of  low  voltage  signals. 

MULTI -VENDOR  ENVIRONMENTS 

Certainly  the  two  most  important  pieces 
of  information  I  have  learned  over  the 
past  10  years  is  that  advancements  in 
technology 

are  happening  almost  on  a  daily  basis  and 
customers  are  demanding  integrated, 
multi-vendor  solutions  to  their  business 
problems.  Customers  are  no  longer 
satisfied  with  the  concept  of  "locking 
in"  by  purchasing  vendor  specific 
solutions  from  major  manufacturers, 
instead  they  are  beginning  to  deploy 
systems  integrator  to  solve  their 
business  problems.  Systems  integrator 
have  the  ability  to  mix  and  match  various 
devices  and  applications  into  unique 
solutions  designed  around  specific 
customer  needs  and  desires. 

Currently,  multi-vendor  environments 
exist  in  both  the  telecommunications  and 
data  processing  industries  and,  as  they 
evolve,  will  have  a  major  impact  on  the 
traditional  building  automation  and 
control  industry.  The  need  for  large 
centralized  building  management, 
security,  and  fire-life-safety  systems 
from  large  vendors  will  certainly 
continue;  however,  niche  manufacturers 
will  begin  to  position  their  devices 
within  these  larger  systems  utilizing 
emerging  standard  protocols  and 
interfaces. 


HIGHER  DATA  SPEEDS  AND  BANDWIDTH 

The  requirements  for  Increased  data 
speeds  and  higher  bandwidth  will  continue 
to  grow.  Fifteen  years  ago,  1,200  Bits 
per  second  (Bps)  was  considered  state  of 
the  art  data  communications  when 
connecting  computers  with  various 
peripheral  devices.  In  1990  it  is  common 
to  have  Local  Area  Networks  (LANs) 
installed  that  transmit  from  1  Million  to 
16  Million  bits  per  second  (Mbps) . 


In  my  opinion,  1992  will  be  the  beginning 
of  the  Information  Age  and  by  coupling 
the  ever  increasing  computer  power  that 
is  being  developed  and  the  next 
generation  of  networking  technology  like 
the  Fiber  Distributed  Data  Interface 
(FDDI)  standard  that  currently  operates 
at  100  Million  bits  per  second. 
Intelligent  Buildings  linked  together 
with  Public  and  Private  Intelligent 
Networks  will  become  common  place 
throughout  the  world  by  the  mid-90's. 

NON-UNIFORM  AND  UNIFORM  WIRING  APPROACHES 

Premises  wiring  can  be  classified  into 
two  approaches:  non-uniform  and  uniform. 
Non-uniform  wiring  utilizes  separate 
wiring  schemes  for  the  various  building 
systems  and  services  found  in  a 
structure . 

In  non-uniform  environments,  it  is 
typical  to  have  as  many  as  seven  or  eight 
separate  wiring  plana  within  a  facility. 
In  addition,  these  Independent  wiring 
schemes  utilize  variov-  media  (coaxial, 
shielded,  unshielded  copper  and  fiber 
optics)  to  support  the  various  systems 
and  devices  found  in  the  building. 


Various  levels  of  support  exist  for  non- 
uniform  building  wiring  and  are  usually 
dependent  on  the  individual  ecpiipment 
provider.  Since  these  vendors  are 
generally  not  "premises  wiring 
companies",  one  must  consider  what 
happens  when  something  goes  wrong  with 
the  wiring,  who  does  the  customer  call 
and  what  kind  of  support  can  be  expected. 

The  advantages  of  non-uniform  wiring 
include  generally  lower  individual  system 
installation  costs.  In  addition,  it  is  a 
mature  way  of  wiring  buildings  and 
accounts  for  80  to  90  percent  of  the 
building  wiring  that  exists  today. 

Some  of  the  major  disadvantages  involved 
with  the  non-uniform  approach  include  the 
requirement  for  separate  wiring  to 
support  voice,  data,  image,  energy 
management/control  and  security  systems, 
limited  support  of  emerging  multi-vendor 
environments  and  generally  no  logical 
administration  or  labeling  methods  or 
procedures.  Additionally,  the  non- 
uniform  approach  is  not  well  suited  for 
future  technologies  requiring  higher 
bandwidth  and  faster  speeds. 
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The  uniforn  wiring  approach  is  based  on 
the  EIA/TIA-568  (Fig  4)  standard  and 
consists  of  a  single  integrated  wiring 
system  designed  to  support  various  voice, 
data,  video  and  building  automation 
systems  utilizing  a  standard  interfaces 
and  media.  Uniform  structured  wiring 
utilizes  a  subsystem  approach  comprised 
of  the  following: 

Work  Location  System 

Horizontal  System 

Administration  System 

Backbone  (Riser)  system 

Eguipment/Network  Interface  System 

Campus  System 


In  addition,  integrated  uniform  wiring 
systems  generally  adhere  to  existing 
standards  and  are  positioned  to  conform 
with  future  standards  as  they  emerge. 
They  provide  transparent  connectivity 
between  various  vendors'  systems  and 
equipment.  This  feature  provides  the 
customer  with  the  capability  to  mix  and 
match  various  devices  and  systems.  From 
a  vendors  perspective,  transparent 
connectivity  allows  them  to  retain 
proprietary  features,  operating  systems 
and  functions  to  market  their  individual 
system  advantages  without  developing  and 
supporting  proprietary  wiring  schemes. 

Utilizing  the  subsystem  approach,  uniform 
vlring  systems  can  be  modified  and  easily 
upgraded  to  support  future  technologies 
when  they  are  required. 

The  perceived  disadvantage  of  the  uniform 
wiring  approach  is  the  higher  individual 
system  wiring  installation  costs This 
is  clearly  offset  by  the  ability  to 
integrate  and  connect  several  or  all  of  a 
building's  systems  over  a  single  wiring 
plan;  however,  the  customer  must 
understand  the  economies  of  scale  that 
the  uniform  wiring  approach  provides. 

SUGGESTED  APPROACH  TO  PREMISES  WIRING 

WIRE  ONCE!  In  my  opinion,  this  is  the 
most  important  aspect  to  consider  when 
planning  and  implementing  building 
wiring.  The  incremental  material  cost 
and  labor  expense  incurred  in 
implementing  a  uniform  wiring  system  to 
support  existing  and  future  requirements 
is  minimal  when  compared  to  the  high 
labor  expense  involved  in  upgrading  and 
rewiring  an  existing  structure. 


Donald  R.  Ooover  (Don) 
AT&T  Netweade  Ccdsle  Systems 
111  Madison  Avenue 
Morristown,  NJ  07962-1970 


Don  coover  is  with  AT&T  Network  Cable  Systems 
as  the  Manager  for  AT&T's  SYSnMAX(tin)  Premises 
DistrihutiMi  Systm  (PDS) .  He  has  more  than  24 
years  experience  in  the  telecomnunications, 
data  processing  and  building  controls 
industries.  Previously,  he  has  held  positiois 
with  lEM,  the  U.S.  Treasury  Department  and  New 
Jers^  Bell  Tel^iione  Oenpany.  Mr.  Coover's 
present  re^xansibilities  include  evaluating 
potential  requirements  for  premises  wiring  by 
the  Building  Ooitrols  Industry  and  managing 
AT&T's  SySTlMAX  FOS  system  to  provide 
camectivity  for  various  energy  management, 
security,  fire/ life/safety,  tel^iione,  video, 
local  area  network  (LAN)  and  data  communi- 
caticxis  systems  in  intelligent  building 
environments.  His  other  re^xsisibilities  have 
included  developing  and  managing  AT&T's 
Integrated  Services  Digital  Network  (ISDN)  and 
Fiber  Distributed  Data  Interface  (IDDI) 
premises  wiring  plans. 

Mr.  Coover  currently  serves  on  the  Board  of 
Directors  of  the  Intelligent  Buildings 
Institute  and  has  previously  served  on  the  IAN 
and  ISDN  ccranittees  of  the  Building  Industry 
Consulting  Service  International  (BICSI) 
organizaticai. 

Mr.  Ooover  has  made  numerous  international 
presentaticxis  to  the  Building  Owners  and 
Mauiagers'  Association  (Toronto  Canada) ,  United 
Kingdom  TelecomnunicatiOTs  Managers'  Associa¬ 
tion  (Lcndcn,  UK) ,  Premises  Wiring  Saninar 
(Stockholm,  Sweden) ,  A/P  Buro  '90  IntematiOTal 
Intelligent  aiilding.  Office  Eiivironment  & 
a^iness  Autonation  Event  (Singapore)  and  the 
Teleocrmunications  Managers  Association 
(Bang0tok,  Thailand) . 
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STANDARDS 

•  EIA/TIA  -  566  -  COMMERCIAL  BUILDING  WIRING  STANDARD 

•  ISO/IEC  JTC1/SC25/WG3 

•  IEEE  -  802  -  LOCAL  AREA  NETWORKS 

•  ANSI  -  FDDI  -  FIBER  DISTRIBUTED  DATA  INTERFACE 
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SYSTEM  INTEGRATOR'S  VIEW  OF  INTELLIGENT  BUILDINGS 


Ronald  Sunski 


Electronic  Systems  Associates 


The  Systems  Integrator  is  charged  with  the 
responsibility  of  linking  low  voltage  systems 
together  to  form  a  synergy.  He  or  she  views 
the  Intelligent  Building  as  a  friendly  envir¬ 
onment  that  supports  these  various  systems. 
Further,  he  or  she  is  concerned  that  there 
are  adequate  pathways  for  linking  systems  with 
standard  wire  and  cable. 

Recently,  there  have  been  standards  developed 
for  horizontal  and  vertical  cable.  These 
standards  include  Fiber  Distributed  Digital 
Interface  (FDOI).  Consultative  Committee  on 
International  Telephone  and  Telegraph  (CITT) 
and  Integrated  Systems  Digital  Network  (ISON). 

These  standards  will,  in  most  cases,  dictate 
how  new  buildings  will  be  cabled  for  all 
communicating  processors. 

Careful  planning  of  a  building's  ability  to 
support  technology  must  take  place.  This 

planning  must  begin  in  the  design  phase  of  the 
project.  Traditionally,  electronic  systems 
have  been  attached  to  buildings  nearing  com¬ 
pletion.  The  Intelligent  Building  has  tech¬ 
nology  built  into  the  infrastructure  in  the 
same  fashion  that  heating,  air  conditioning, 
ventilation,  electric  and  plumbing  are. 

The  Systems  Integrator  views  the  Intelligent 
Building  as  a  structure  designed  to  support  a 
variety  of  electronic  systems.  The  electronic 
systems  are  similar  in  their  respective  technical 
characteristics;yet  diverse  in  their  functional 
objective. 

The  Intelligent  Building  provides  a  multitude  of 
electronic  services  to  the  occupants  and  building 
management.  They  are: 

A.  Teleconmunications-Voice  and  Data 

B.  Security 

C.  Fire  Detection  and  Life  Safety  Services 

D.  Audio/Visual  Services 

E.  Video  Broadcast  Services 

F.  Building  Systems  Instrumentation  and 
Control 


The  single  most  important  factor  that  distinguishes 
the  Intelligent  Building  from  others  is  that  elec¬ 
tronic  systems  are  successfully  imbedded  in  the 
infrastructure  not  attached  to  it. 

Electronic  systems  are  defined  as  hardware,  soft¬ 
ware,  wire  &  cable  all  working  in  concert.  There¬ 
fore,  a  building  must  be  designed  and  constructed 
with  a  view  towards  ensuring  a  symbiotic  environ¬ 
ment  for  electronic  systems. 

All  who  are  involved  with  computer  based  systems 
know  that  these  systems  are  becoming  capable  of 
performing  more  functions  and  working  at  faster 
speeds.  Therefore,  two  very  Important  factors 
that  must  be  considered,  when  planning  for  elec¬ 
tronic  system  infrastructure,  are  bandwith  capacity 
and  transmission  speed  capability. 

The  wider  the  bandwith  capacity  and  faster  the 
speed,  the  less  likely  an  infrastructure  will  have 
to  be  modified  in  the  future. 

There  are  many  groups  and  individuals  involved 
with  the  planning  and  construction  of  a  building. 
They  are: 

A.  Dwner 

B.  Architect 

C.  Engineer 

D.  General  Contractor 

E.  Sub  Contractor 

F.  Specialy  Consultants 

These  groups  and  individuals,  are  generally  bound 
together  as  a  Project  Team  when  a  new  building  is 
built  or  major  renovation  work  occurs. 

In  order  to  be  successful ,  the  Systems  Integrator 
strives  to  have  the  project  team  plan,  and  build 
an  environment  that  is  System  Friendly.  System 
Friendliness  is  comprised  of  two  categories.  They 
are  Tactical  Elements  and  Support  Elements. 

Tactical  elements 

The  infrastructure  must  be  flexible  in  order  to 
meet  changing  technology  requirements  for  the  life 
of  the  building.  The  proper  time  to  address  flex¬ 
ibility  is  during  the  planning  stages  of  the  build¬ 
ing  project.  There  is  a  cost  associated  with 
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flexibility.  The  cost  is  low  during  initial  build 
when  compared  with  renovation  after  building  com¬ 
pletion. 

Tactical  elements  concern  themselves  with  locations 
and  sizes.  They  are: 

A.  Building  entry  points  for  electronic 
utilities  such  as: 

1.  Telephone  Company  Service  Cables 

2.  Cable  TV  Company  Cables 

3.  Fiber  Optic  Cables 

4.  Private  Cables 

In  many  cases,  the  owner  or  tenants 
will  desire  alternate  entry  points 
on  opposite  sides  of  the  building 
for  redundancy  or  disaster  prevention 
purposes. 

These  entry  points  are  usually  in  the 
building  basement.  The  routing  of 
the  cables  must  be  carefully  coord¬ 
inated  with  the  other  utilities  pen¬ 
etrating  the  foundation  walls  such 
as,  high  voltage  electric,  steam, 
water  and  sewer. 

B.  Riser  Shafts  -  In  the  traditional 
building,  there  are  separate  risers 
for  tel ecomnuni cations,  security, 
control  systems,  fire,  radio  page, 
etc.  Each  specifically  must  find 
its  own  vertical  path  through  the 
building  core.  With  growth  factored 
in,  these  risers  (when  added  together) 
take  a  considerable  amount  of  space. 

The  Intelligent  Building  should  have 
connon  electronic  systems  risers. 
Respective  vertical  cables  then  share 
the  same  space. 

The  riser  shaft  should  pass  through 
the  Technology  Room  on  each  floor.  This 
arrangement  allows  for  the  maximum  of 
flexibility  while  exercising  the  max¬ 
imum  amount  of  control . 

C.  Technology  Rooms-Historically,  elec¬ 
tronic  systems  were  located  in  separate 
spaces.  The  security  system  electron¬ 
ics  were  in  one  closet,  control  sys¬ 
tems  in  another,  telephone  in  a  third, 
fire  detection  in  a  fourth,  etc.  (see 
figure  1).  The  Intelligent  Building 
should  have  at  least  one  conmon  tech¬ 
nology  room  located  on  each  floor. 

This  room  should  have  separate  power, 
and  emergency  power,  adequate  air 
conditioning.  In  short,  the  room 
should  look  much  like  a  mini-data 
center.  The  advantages  are: 

1.  Cost  -  The  cost  of  constructing 
one  room  per  floor  is  less  than 
construction  costs  for  many  (one 
UPS  circuit,  one  air  duct,  one 


card  reader). 

2.  Control -The  room  would  be  at  the 
same  location  or  _  floor  (in  the 
building  ...  Haintenance  per¬ 
sonnel  will  not  be  wandering  throL'^li 
the  core  area. 

3.  Standardization-C'— .neccing  cables 

can  be  to  the  same  geograph- 

icd'  hiiu  regardless  of  the  applica¬ 
tion.  Coordination  with  other 
trades  is  easier.  The  same  riser 
shaft  can  be  shared  by  all  low  vol¬ 
tage  utilities.  It  is  possible  to 
share  the  same  riser  cable  (if 
territorial  disputes  can  be  med¬ 
iated). 

D.  Uniform  Cable-The  Systems  Integrator 
strives  to  apply  the  least  conmon  den¬ 
ominator  to  electronic  systems  with 
protocols,  computer  language,  space  and 
cable.  During  the  1980 's  and  1990 's, 
industry  wide  standards  were,  and  con¬ 
tinue  to  be  introduced  and  refined.  Most 
multiplexers,  regardless  of  the  system 
involved,  transmit  over  62.5  micron, 
multi -mode,  dual  window  fiber  optic  cable. 
The  most  conmon  form  of  horizontal  media 
is  multi -wire,  24  AWG,  unshielded  twist¬ 
ed  pair  cable.  The  new  high  quality 
cables  can  carry  data  transmission  speeds 
of  up  to  100  MBS  at  distances  of  up  to 
100  meters.  It  makes  the  most  sense  to 
install  this  type  of  cable  to  any  low 
voltage  communications  point.  This 
point  can  be  anything  from  a  telephone  to 
an  electronic  door  strike.  The  electronic 
system  driving  the  system  can  be  a  highly 
sophisticated  PBX  Telephone  System  or  a 
lighting  control  computer  turning  the 
lights  off  after  the  staff  leaves  for 

the  night. 

The  real  value  in  a  standard  intelligent 
building  cable  is  that  the  electronic 
engine  can  be  changed  without  opening 
walls  and  ceilings. 

E.  Standard  Protocol s-The  ultimate  in  In¬ 
telligent  Buildings  will  not  be  enjoyed 
until  there  is  a  standard  protocol  that 
all  electronic  systems  manufacturers 
employ.  Today,  there  is  minimum  data 
sharing  between  low  voltage  systems. 

The  telephone  system  cannot  talk  to  the 
building  control  system.  The  security 
system  cannot  monitor  the  fire  detection 
system  unless  they  are  hard  wired  to¬ 
gether. 

The  truly  intelligent  building  will  have 
linked  systems.  Whether  the  ultimate 
solution  is  one  master  system  controlling 
sub-systems,  or  several  independent  sys¬ 
tems  with  a  synergistic  link,  remains  to 
be  seen. 
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F.  Rooftop  Coordination-Many  companies  have 
a  need  to  place  microwave  and  satellite 
dishes  on  the  roof  of  the  building.  The 
Systems  Integrator  seeks  assurances  that 
lines  of  sight  are  not  impaired  by  other 
roof  structures  such  as  water  tanks  and 
cooling  towers.  Additionally,  there 
should  be  adequate  structural  strength 
to  support  these  antennae. 

Building  owners  and  developers  should 
take  into  account  the  future  placement 
of  a  variety  of  antennae  that  do  not 
conflict  with  one  another.  Provisions 
should  also  be  made  for  the  location  of 
radio  rooms  that  are  located  on  the  top 
floor.  The  Systems  Integrator  often 
must  compete  for  this  space  with  the 
company  executives  who  want  offices  with 
the  best  view. 

Support  Elements  is  the  other  factor  that  enhances 
a  building's  System  Friendliness.  They  are: 

A.  Documentation-Careful  attention  must  be 
paid  to  how  well  cable  ends  and  system 
components  are  labeled  and  inventoried. 
This  information  must  be  kept  current 
and  correct  at  all  times.  Computers 

are  most  often  used  to  manage  this  infor¬ 
mation. 

Once  the  data  is  correctly  entered,  a 
variety  of  functions  can  be  performed, 
depending  on  the  sophistication  of  the 
Mangement  System.  Repair  requests  can 
be  generated,  available  capacity  recor¬ 
ded,  inventory  managed,  troubles  isolated, 
etc. 

B.  Patchability-By  terminating  all  wire  ends 
in  patch  panels  the  requirement  for  tech¬ 
nicians,  schooled  in  the  intricacies  of 
hard  wire  installation,  can  be  eliminated. 
Instead,  non-technical  personnel  can  make 
most  wire  and  cable  moves  and  changes. 

The  cost  advantages  are  obvious. 

C.  Operating  and  Maintenance  Manual s-By 
providing  a  well  written  set  of  documents, 
the  Intelligent  Building  Owner  is  assured 
that  the  incremental  systems  can  be 
managed  and  maintained  in  the  most  effic¬ 
ient  and  cost  effective  manner  regardless 
of  any  personnel  changes  that  occur. 

From  a  Systems  Integration  perspective,  the  truly 
intelligent  building  is  still  in  the  future.  There 
are  several  events  that  must  take  place.  They  are: 

A.  Developers  and  Owners  must  be  willing  to 
invest  the  capital  and  planning  necessary 
to  build  a  flexible  technology  infra¬ 
structure  into  ,  not  on- to,  the  building. 

B.  Systems  Manufacturers  must  agree  on  a 
mutually  acceptable  common  protocol  for 


operating  systems. 

C.  Cable  Manufacturers  must  continue  to  de¬ 
velop  transmission  media  that  meet  a  wide 
variety  of  system  performance  criteria. 

In  fact,  the  cable  manufacturers  must 
gain  an  agreement  that  their  cables  will 
be  certified  as  acceptable  by  systems 
manufacturers. 

D.  Cable  Termination  and  Connection  Com¬ 
ponent  Manufacturers  must  also  continue 
to  develop  products  that  are  certifiable 
by  both  cable  manufacturers  and  systems 
manufacturers. 

Once  the  aforementioned  events  take  place,  we  will 
see  system  integration  development  and  intelligent 
building  development  occur! ng  at  a  much  more  rapid 
rate. 


Mr.  Sumski  is  a  Regional  Vice  President  with  Elec¬ 
tronic  Systems  Associates  located  in  New  York  City, 
he  has  been  planning,  designing  and  implementing 
electronic  systems  for  over  24  years.  Mr.  Sumski 
spent  a  total  of  twelve  years  with  the  Bell  System 
as  a  major  account  manager.  The  remainder  of  his 
time  has  been  spent  working  for  Consulting  Firms 
in  the  New  York  Area. 
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FDDI  TECHNOLOGY  AND  IMPLEMENTATION 


Margot  A.  Botelho,  Senior  Applications  Engineer 


Corning  Incorporated 


This  paper  provides  an  overview  of 
FDDI  applications,  the  technology, 
and  the  fiber-related  issues  that  you 
should  consider  when  implementing  a 
network . 

Coming's  fiber  network,  which  was 
recently  upgraded  to  FDDI,  is  used  as 
a  case  study.  Originally  installed  in 
1985,  the  network  is  being  upgraded 
simply  by  means  of  changes  in  the 
electronics;  the  existing  cable  plant 
will  remain  intact,  with  new  optical 
cable  added  only  to  connect  new 
buildings . 


Companies  are  actively  preparing 
for  --  or  implementing  —  networks 
that  can  take  full  advantage  of  the 
potential  of  FDDI  and  will  support 
increasing  numbers  of  users  and  more 
sophisticated  applications. 

FDDI  Applications 

FDDI  was  designed  to  function  as  a 
high-speed  "backbone"  to  join 
existing  local-area  networks,  such  as 
Ethernet  and  Token  Ring.  FDDI 
systems  linking  lower-speed  LANs  are 
found  today  both  in  interbuilding 
backbones  and  intrabuilding  risers. 

Other  applications  for  FDDI 
include  the  interconnection  of 
mainframes,  file  servers,  peripherals 
and  controllers,  or  providing 
high-performance  networking  for  work 


groups . 

FDDI  networks  are  installed  and 
operational  at  a  number  of  locations 
today.  In  addition,  many  companies 
are  using  optical  fiber  with  FDDI 
capability  to  support  lower  speed 
networks  in  anticipation  of  upgrading 
to  FDDI  in  the  future. 

FDDI  Technology 

FDDI  is  the  highest-speed  —  and 
potentially  the  most  powerful  — 
standard  available  for 
private-premises  communications 
today.  Developed  specifically  for 
use  with  optical  fiber,  the  FDDI 
standard  takes  advantage  of  the 
medium's  high  bandwidth,  supporting 
data  rates  of  100  megabits  per  second 
(Mbps ) . 

At  the  logical  level,  FDDI  is  a 
fiber-optic,  token-passing  ring 
network.  Network  nodes  are  connected 
in  a  closed  path  and  data  travels 
around  the  network  in  opposite 
directions  on  one  of  two  rings . 

The  primary  ring  carries  data, 
while  the  secondary  ring  serves  as  a 
redundant  path,  increasing  network 
reliability.  The  secondary  ring  can 
be  used  to  carry  data,  or  can  be  used 
to  back  up  the  primary  ring . 

The  recommended  physical  topology 
for  FDDI  is  a  dual  ring  of  trees, 
with  each  connection  a  duplex  link 
pair.  Peer-to-peer  connections  are 
constructed  from  the  trunk  ring  by 
means  of  concentrators  that  serve  to 
protect  the  trunk  ring  from  faults 
that  occur  in  the  nodes  attached  to 
the  tree . 

FDDI  LANs  using  multimode  optical 
fiber  support  up  to  500  nodes, 
located  up  to  two  kilometers  (km) 
apart.  The  maximum  total  ring 
circumference  is  100  )cm. 

While  the  standard  calls  for  62.5 
micron  multimode  fiber  with  a 
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bandwidth  of  500  MHz. km  at  1300 
nanometers  (nm),  the  standard  also 
permits  use  of  50  micron  and  other 
multimode  fiber  sizes.  It's  also 
possible  to  use  single-mode  fiber  for 
FDDI;  single-mode  fiber  dramatically 
increases  the  maximum  allowable 
distance  between  stations  —  to  as 
much  as  60  km  —  and  offers  even 
higher  bandwidths . 

Fiber  Specifications 

The  Physical  Layer  Medium 
Dependent  (PMD)  standard  defines  the 
fiber  performance  required  for  FDDI 
as  the  following: 

Core  diameter: 

Cladding  diameter: 
microns 

Numerical  aperture: 

Minimum  modal: 

bandwidth  @  1300  nm 
Maximum  Attenuation: 


62.5  microns 
125.0  +  3.0 

0.275 

500  MHz. km 
Not  specified 


(Attenuation  of  multimode  fiber, 
before  cabling,  typically  is  in  the 
range  of  0.6  to  1.0  dB/km  at  1300 
nm.  ) 

The  PMD  also  specifies  the  limits 
for  zero  dispersion  wavelength  and 
zero  dispersion  slope. 

The  PMD  specifications  ensure  the 
network  can  support  link  distances  of 
up  to  two  km  using  62.5/125  micron 
fiber.  When  other  common  fiber 
sizes,  such  as  50/125  micron  and 
100/140  micron  are  used,  their 
different  attenuation  and  bandwidth 
characteristics  will  change  the 
distance  capabilities  of  the  system, 
so  it  is  important  to  understand  the 
ramifications  of  your  fiber  choice. 

FDDI  Implementation 

Understanding  how  each  of  the 
specifications  listed  above 

determines  system  performance  can 
help  you  select  a  fiber  that  provides 
a  long-term  solution  based  on  the 
needs  of  your  network. 

This  section  of  the  paper 
discusses  the  parameters  that  affect 
system  bandwidth  and  system  loss 
budgeting:  fiber  bandwidth,  chromatic 
dispersion,  attenuation  and  fiber 
geometry. 

Fiber  Bandwidth 

Fiber  bandwidth  and  chromatic 
dispersion  determine  overall  system 
bandwidth . 


Fiber,  or  modal,  bandwidth  is  a 
measure  of  the  dispersion,  or  signal 
pulse  broadening,  that  occurs  as  the 
different  modes  of  light  travel 
through  the  multimode  fiber. 

Each  mode  of  light  follows  a 
slightly  different  path  and  arrives 
at  the  receiver  at  different  times. 
When  the  pulse  broadening  causes  the 
pulses  of  light  to  overlap,  they 
cannot  be  distinguished  by  the 
receiver,  thus  limiting  the  system 
data  rate. 

To  support  link  distances  of  up  to 
two  km,  the  PMD  document  calls  for  a 
minimum  fiber  bandwidth  of  500  MHz. km 
at  1300  nm.  However,  if  longer 
distances  between  stations  are 
required,  or  if  you  plan  to  add  more 
users  or  eventually  run  at  higher 
data  rates  than  FDDI,  a 
higher-bandwidth  fiber  may  be 
necessary.  In  those  cases,  you  must 
ensure  that  the  fiber  and  transmitter 
characteristics  still  comply  with  the 
FDDI  standard. 

Chromatic  Dispersion 

Another  source  of  pulse 
broadening,  chromatic  dispersion  is 
caused  by  the  different  wavelengths 
of  light  traveling  at  different 
speeds  through  the  fiber. 

Chromatic  dispersion  can  be 
minimized  by  operating  near  1300  nm, 
where  glass  optical  fibers  exhibit 
minimal  chromatic  dispersion. 

Choosing  LEDs  with  narrow  spectral 
widths  helps  decrease  chromatic 
dispersion  because  the  range  of 
wavelengths  propagating  through  the 
fiber  is  smaller.  However,  whenever 
LEDs  are  used,  chromatic  dispersion 
is  an  important  parameter  to  consider 
because  it  limits  total  system 
bandwidth . 

Attenuation 

Fiber  attenuation  contributes  to 
the  amount  of  light  power  lost  in  the 
cable  plant  and,  therefore,  sets 
limits  on  the  link  lengths  in  the 
network  through  its  impact  on  the 
link  loss  budget.  It  is  a  measure  of 
decreasing  optical  power  over  the 
length  of  the  fiber  resulting  from 
light  absorption,  light  scattering 
and  fiber  bending. 

The  total  system  loss  budget  is 
determined  by  losses  caused  by 
connector  and  termination  points  and 
by  fiber  attenuation.  Systems  with 
many  connections  will  suffer  greater 
losses  and  will  be  more  sensitive  to 
losses  caused  by  fiber  attenuation. 
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The  PMD  document  specifies  that 
total  end-to-end  attenuation  between 
stations  must  be  11  dB  or  less  at 
1300  nm.  That  number  includes  all 
contributions  to  optical  power  loss 
—  cabled  fiber  attenuation, 
connectors,  splices,  and  any  other 
items  in  the  cable  plant  that  cause 
light  loss. 

Low  cabled  fiber  attenuation  is 
desirable  because  it  provides  more 
flexibility  in  the  end-to-end  power 
budget,  facilitating  future  network 
rearrangements  or  additional  splices 
or  connections . 

Fiber  Geometry 

Fiber  geometry,  or  the  physical 
dimensions  and  shape  of  the  fiber, 
also  contributes  to  the  total  loss 
budget  through  its  impact  on 
connector  and  splice  losses.  In 
addition,  it  determines  the  ease  and 
efficiency  of  connectorization . 

Important  parameters  to  consider 
are  cladding  diameter  and  core  and 
cladding  non-circularity,  both  of 
which  affect  the  fiber's  ability  to 
fit  into  standard  ferrule-type 
connectors  and  mechanical  splices; 
and  core  to  cladding  offset 
(concentricity),  which  impacts  the 
amount  of  light  lost  at  a  connection. 

Corning ' s  ACORN  Network 

A  network  at  Corning 
Incorporated's  world  headquarters  in 
Corning,  N.Y.  provides  an  example  of 
how  fiber  can  be  installed  to  run  at 
lower  data  rates  and  then  upgraded  to 
FDDl  at  a  later  date. 

In  1985  we  installed  a  fiber-optic 
network  that  ran  at  10  megabits  per 
second  (Mbps);  that  is,  Ethernet  data 
rates.  This  year  we're  upgrading  to 
FDDI  rates  simply  by  upgrading  the 
electronics.  The  existing  cable 
plant  will  remain  intact,  avoiding 
network  downtime  and  other 
disruptions . 

We  already  are  running  at  FDDI 
rates  over  a  single-mode  fiber 
nine-km  link  between  our  R&D  facility 
and  a  satellite  office  building,  and 
over  multimode  fiber  between  our  R&D 
facility  and  the  computer  system, 
located  at  another  site.  The  rest  of 
the  network  is  scheduled  for 
completion  between  now  and  1993. 

Our  network,  dubbed  ACORN  -- 
Advanced  Corning  Optical  Regional 
Network  --  links  manufacturing, 
research,  and  office  buildings  at 
more  than  five  sites  in  and  around 


our  headquarters  in  Corning,  N.Y. 

The  original  network  was  designed 
to  support  voice,  data  and  electronic 
messaging  capabilities,  as  well  as 
video-conferencing  between  two  of  the 
five  facilities. 

Our  decision  to  upgrade  to  FDDI 
was  based  on  heavy  network  traffic 
and  the  increased  use  of  such 
high-bandwidth  applications  as 
CAD/CAM.  FDDI  also  offers  improved 
network  management  capability  and 
more  reliability  —  provided  by 
FDDI ' s  dual-ring  topology. 

The  new  network  supports  data 
rates  of  100  Mbps.  In  addition  to 
the  existing  applications,  we  also 
are  considering  installing 
f iber-to-the-desk  in  some  facilities. 
In  those  cases,  we  plan  to  take 
advantage  of  optical  cable's  small 
size  and  light  weight  by  installing 
all  the  cable  under  raised  floors. 
This  will  eliminate  the  need  to  run 
cables  down  from  the  ceiling  and  make 
it  a  non-plenum  installation. 

ACORN  Specifications 

In  the  ACORN  network,  Corning 
installed  a  combination  of  Corning 
50/125  micron  multimode  fibers  and 
Corning  single-mode  fibers  for  all 
interbuilding  connections. 

In  1985,  50  micron  fiber  was  the 
predominant  fiber  for  premises 
networks  and  was  compatible  with 
then-available  electronics.  Although 
62.5  micron  fiber  now  is  the  most 
common  fiber  used  in  premises 
communications,  Corning  continues  to 
use  its  50  micron  fiber  in  new 
interbuilding  cables  added;  the  cable 
offers  enough  bandwidth  to  support 
FDDI  data  rates  and  allows  Corning  to 
leave  the  rest  of  its  cable  plant 
intact . 

Corning  is  considering  using  its 
62.5  micron  fiber  for  the  proposed 
f iber-to-the-desk  applications 
because  with  currently  available 
electronics,  it  offers  the  lowest 
insertion  loss. 

The  single-mode  fibers  were 
installed  for  future  upgradability . 
While  they  mostly  remained  "dark"  for 
the  first  five  or  six  years,  that 
foresight  already  has  paid  off; 
Corning  already  is  using  the 
single-mode  cable  to  support  parts  of 
its  FDDI  network. 

The  Corning  50/125  micron  fibers 
installed  have  modal  bandwidths 
greater  than  600  MHz. km  at  850  nm  and 
greater  than  1.0  GHz. km  at  1300  nm. 
Initially  the  multimode  fibers  were 
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used  at  850  run,  but  now  are  used  at 
1300  run  to  comply  with  the  FDDI 
specification.  Because  of  long  link 
distances,  the  network  is  powered  by 
a  1300  run  laser. 

The  link  distances  in  the  ACORN 
network  range  from  0.5  to  9.4  km. 

Each  loose  tube  cable  contains  12  or 
24  each  of  Corning  single-mode  and  50 
micron  multimode  fibers,  depending  on 
the  number  of  buildings  at  each  site 
location . 

Planning  for  the  Future 

In  1985,  when  Corning  installed 
its  first  fiber  network,  FDDI 
specifications  were  not  yet  available 
to  help  network  planners  design  a 
system.  The  fact  that  we  are  able  to 
upgrade  our  system  without  replacing 
the  existing  cable  plant  —  and 
disrupting  our  entire  network  —  is  a 
testament  to  our  network  planners, 
who  specified  fiber  with  enough 
bandwidth  to  meet  more  than  just  our 
current  needs . 

The  FDDI  standard  is  playing  an 
important  role  in  facilitating  the 
use  of  optical  cable  in  networks. 

The  standard  is  critical  in 
establishing  equipment  compatibility 
and  determining  the  performance 
parameters  required  to  support  the 
application . 

However,  when  selecting  the 
technology  and  implementing  your 
network  today,  it's  always  important 
to  keep  the  future  in  mind.  Already 
people  are  talking  about  the 
possibility  of  networks  with  higher 
data  rates  than  FDDI,  so  planning 
ahead  now  will  help  you  take 
advantage  of  the  technology  of 
the  future. 


Margot  A.  Botelho 
Senior  Applications  Engineer 
Opto-Electronics  Group 
Corning  Incorporated 

Margot  A.  Botelho  is  a  senior  applies 
tions  engineer  in  the  North  American 
Applications  Engineering  Department, 
responsible  for  providing  engineering 
support  to  Coming's  cabler  customers 
and  end-users . 

Botelho  joined  Coming's  Electronics 
Products  Division  in  1980,  manufacturing 
facilities  before  assuming  her  current 
responsibilities. 

Botelho  has  a  bachelor's  degree  in 
mechanical  engineering  from  Purdue 
University. 
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Cabling  Systems  for  Industrial  Applications 

Timothy  K.  Cahall 
AT&T  Network  Systems 


Abstract 

The  industrial  marketplace  is  rapidly  accepting  fiber 
optic  cable  as  the  communications  media  of  choice. 
However,  the  hostile  environments  which  characterize 
a  factory  present  some  unique  challenges  to  fiber  optic 
cabling  manufacturers.  This  paper  is  a  discussion  of 
some  of  the  environmental  considerations  which  are 
pivotal  to  the  success  of  a  fiber  optic  communications 
system  in  an  industrial  environment. 

The  industrial  marketplace  is  quickly  standardizing  on 
fiber  optic  cable  as  the  media  of  choice.  While  a  large 
number  of  copper  based  solutions  continue  to  be 
installed,  this  number  is  diminishing  rapidly.  The 
hostile  environments  which  are  typical  in  a  factory  are 
ideal  for  fiber  optic  cable,  however,  these  hostile 
environments  pose  unique  challenges  for  manufacturers 
of  fiber  optic  cable  and  apparatus. 

The  manufacturing  environment  typically  has  numerous 
hazards  which  must  be  bridged  to  ensure  a  successful 
installation.  ElectroMagnetic  Interference  (EMI)  is  the 
most  common  environmental  hazard  in  a  factory 
environment  and  is  the  driving  force  behind  the 
manufacturing  industry's  move  toward  fiber  optics. 
While  fiber  optic  cable  manufacturers  do  not  have  to  be 


concerned  with  EMI's  effect  on  communications 
signals,  a  wide  range  of  envirorunental  hazards  such  as 
distance,  heat,  dust,  induced  currents,  lightning, 
rodents,  corrosives  and  physical  damage  are  primary 
concerns.  Each  of  these  hazards  has  a  distinct  effect  on 
lightguide  cable  and  apparatus  design. 

Fiber  optic  cable  is  uniquely  suited  to  cope  with  the 
relatively  large  campus  environments  which  are  typical 
of  a  factory.  However,  unlike  long  haul  cabling 
solutions,  factories  usually  do  not  have  straight,  clear 
right  of  ways  in  which  a  single  cable  can  be  run.  In 
addition,  it  is  common  for  a  fiber  optic  cable  to  pass 
through  several,  varied  environments  between  cross 
connect  locations.  This  puts  unique  pressures  on  both 
cable  and  apparatus  design. 

Fiber  optic  cables  are  typically  designed  to  enhance 
one  or  several  capabilities.  These  capabilities  may  be 
light  weight,  bend  radius,  pulling  strength,  plenum,  etc. 
While  these  designs  are  optimized  for  certain 
environmental  situations,  it  is  common  for  different, 
and  seemingly  opposed,  requirements  to  be  present  in  a 
single  long  cable  run.  An  example  of  this  would  be  a 
single  cable  which  is  required  to  run  through  a  plenum 
air  passage  from  a  computer  room  to  a  buildii^  exit 
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point  two  hundred  meters  away.  Upon  exiting  the 
building  this  same  cable  will  be  run  aerially  for  a 
kilometer  before  entering  a  production  facility.  Upon 
entering  the  production  facility  this  cable  will  be 
exposed  to  SOO  meters  of  a  rodent  infested,  possibly 
corrosive  environment.  Obviously,  it  is  nearly 
impossible  for  a  single  cable  to  suit  all  of  these  needs. 
However,  in  order  to  service  the  widest  possible 
market,  a  new  family  of  cables  which  is  capable  of 
surviving  a  wider  range  of  environments  is  required. 

Rather  than  seek  the  perfect  fiber  optic  cable,  a  typical 
installation  in  an  industrial  environment  will  utilize 
cable  splices  to  change  cable  types  where  needed.  This 
has  the  effect  of  increasing  the  demands  placed  upon 
lightguide  apparatus  manufacturers  to  create  lower  cost, 
higher  performance  splices  and  enclosures  which  can 
be  installed  and  survive  in  increasingly  hostile 
environments.  In  order  to  take  advantage  of  the 
significant  industrial  marketplace,  lightguide  apparatus 
must  increase  its  reliability  and  performance  while 
decreasing  the  cost  and  complexity  of  installation. 

llie  relatively  long,  complex  cable  runs  which  typify  a 
factory  environment  are  well  suited  to  fiber  optic 
cabling  solutions.  However,  in  order  to  capitalize  on 
this  growing  marketplace,  fiber  optic  cable  and 
apparatus  manufacturers  must  be  able  to  support  the 
diverse  environments  which  are  common  in  an 
industrial  facility. 

Heat  represents  one  of  the  most  difficult  environmental 
hazards  to  overcome  in  a  manufacturing  environment. 
Many  primary  manufacturing  functions,  such  as  steel. 


aluminum  and  glass,  generate  enormous  amounts 
heat  during  the  manufacturing  process.  Often, 
hardened  control  systems  which  are  capable  of  residing 
very  close  to  these  extremely  hot  manufacturing 
processes  have  been  installed.  Even  when  control 
systems  are  located  a  distance  from  the  actual 
manufacturing  process,  the  physical  layout  of  a  factmy' 
often  requires  that  these  extremely  hot  environments  be 
traversed  by  fiber  optic  cables.  Often,  lightguide  cable 
for  many  industrial  environments  must  be  able  to 
survive  limited  exposure  in  proximity  to  temperatures 
in  excess  of  1000  degrees  Celsius  and  extended 
exposure  to  temperatures  in  excess  of  100  degrees 
Celsius.  While  alternative  routes  can  often  be  located 
for  fiber  optic  cable  runs,  high  temperature  cables  will 
be  required  in  order  to  support  the  increasingly 
complex  process  control  systems  which  are  being 
planned  for  the  future. 

Lightguide  apparatus  manufacturers  must  also  be  able 
to  survive  in  extremely  high  temperature  environments. 
As  process  control  equipment  moves  closer  to  the 
actual  manufacturing  process,  the  need  for  high 
temperature  connectors  and  enclosures  increases. 
Operating  ranges  for  lightguide  apparatus  are  similar  to 
those  of  fiber  optic  cable.  However,  care  must  be 
taken  to  dissipate  heat  which  is  transferred  from  end 
point  equipment  and  surrounding  housings.  In  OTder  to 
aggressively  address  the  growing  manufacturing 
marketplace,  Ughtguide  apparatus  capable  of  a  wider 
range  of  temperature  operation  is  required. 

High  temperature  is  an  exceptionally  challenging  and 
complex  problem  for  a  manufacturer.  While  many 
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other  hazards  can  be  avoided  or  shielded,  heat  is 
endemic  to  many  manufacturing  processes  and 
unavoidable  if  the  full  capability  of  a  fiber  optic 
communications  system  is  to  be  tapped.  In  order  to 
capture  a  significant  share  of  the  growing  industrial 
marketplace,  fiber  optic  cables  and  apparatus  capable 
of  surviving  in  a  wide  range  of  temperatures  is 
required. 

Dust  is  a  significant  hazard  to  lightguide  apparatus  and. 
to  a  lesser  extent,  lightguide  cable  in  an  industrial 
environment.  Unlike  typical  office  environments,  in 
which  dust  is  a  manageable  problem,  dirty,  oily  dust  is 
common  in  a  factory  environment.  This  dust  can  block 
light  transmission  between  connectors,  fill  cross 
connects  and  place  tremendous  weight  strains  upon 
fiber  optic  cables. 

Lightguide  apparatus  is  most  vulnerable  to  the  dirty 
environment  which  is  found  in  a  factory.  While  current 
fiber  optic  communications  systems  installations  enjoy 
the  protection  of  high  performance  industrial 
enclosures,  this  will  not  continue  into  the  future.  In 
current  installations,  optoelectronic  equipment  must  be 
adequately  protected.  Accordingly,  expensive 
enclosures  are  installed  to  protect  electronic  equipment. 
Cross  connect  apparatus  is  installed  in  this  same 
cabinet.  As  more  process  control  equipment  providers 
integrate  optoelectronic  components  into  their  hardened 
product  offerings,  lightguide  apparatus  will  be  required 
to  survive  in  dusty,  dirty  environments.  Current 
lightguide  installations  in  factory  environments 
typically  utilize  industrial  enclosures  to  protect  both 
electronic  equipment  and  lightguide  apparatus.  As 


optoelectronics  become  more  widely  integrated  in 
process  control  equipment,  a  new  family  of  industrially 
hardened  lightguide  apparatus  will  be  required. 

Lightguide  cable  is  also  at  risk  from  dust  and  dirt  in  an 
industrial  environment.  One  primary  metals 
manufacturer  with  a  coaxial  cable  based  network 
required  work  crews  to  remove  soot  from  the  cabling 
on  a  quarterly  basis  to  relieve  weight  strain.  This 
removal  was  done  by  beating  the  cable  with  baseball 
bats.  Obviously,  this  is  not  a  solution  for  a  fiber  optic 
cable.  However,  it  does  point  out  the  need  for  fiber 
optic  cables  which  are  capable  of  supporting  relatively 
high  weight  loads  for  long  periods  of  time.  The 
additional  weight  which  is  added  to  a  fiber  optic  cable 
through  the  accumulation  of  dust  and  dirt  in  an 
industrial  environment  can  have  a  significant  impact  on 
overall  cable  design  and  life  span. 

Dust  is  a  significant  hazard  in  an  industrial 
environment.  While  many  of  the  dust  problems  which 
are  encountered  currently  are  being  overcome  with 
specialized  enclosures,  the  affordability  of  these 
enclosures  will  drop  over  time  as  optoelectronics  are 
incorporated  into  hardened  process  control  equipment. 

Induced  currents  are  a  significant  concern  in  an 
industrial  environment.  The  electrically  noisy 
environment  which  exists  in  a  factory  will  induce 
currents  in  metallic  armour  and  strength  members  in  a 
fiber  optic  cable.  While  proper  grounding  will  negate 
these  problems,  factories  often  have  difficulty 
establishing  a  good  ground  plane.  It  is  not  uncommon 
to  find  several  volts  present  on  the  ground  plane  and 
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sustained  currents  of  over  thirty  volts  have  been 
recorded.  The  difficulty  in  establishing  a  ground  plane 
in  a  factory  demands  that  lightguide  cabling  systems 
make  very  limited  use  of  metallic  armour  and  strength 
members  in  a  factory  environment.  In  order  to  avniH 
induced  currents  in  industrial  environments,  stronger, 
non-metallic  cables  will  be  required  in  the  future. 

Lightning  is  a  common  environmental  hazard  in  many 
industrial  locations.  Due  to  the  campus  environment 
which  is  common  in  a  factory,  fiber  optic  cables  are 
often  installed  aerially.  While  fiber  optic  cable  does 
not  attract  lightning,  metallic  armour,  strength  members 
and  supporting  stringers  do  attract  lightning.  This 
requires  that  lightning  protected  cables  be  installed. 
Unfortunately,  lightning  protected  cables  are  subject  to 
the  same  grounding  considerations  which  are  a  concern 
for  induced  currents.  Ideally,  self  supporting,  non- 
metallic  cables  should  be  used  for  all  aerial  installations 
in  an  industrial  environment. 

Rodents  are  a  significant  concern  in  a  manufacturing 
environment.  While  significant  efforts  are  made  by 
most  factories  to  control  rodents  and  other  pests,  this  is 
extremely  difficult  in  the  large,  open  environments 
which  are  common  to  the  industrial  workplace.  Ihe 
presence  of  rodents  in  the  manufacturing  environment 
demands  that  designers  of  both  lightguide  cable  and 
apparatus  address  this  significant  problem. 

Often  lightguide  cables  are  installed  underground  in 
tunnels  or  conduit  and  are  subject  to  immersion  in 
water  and  other  fluids.  In  addition,  these  same  cables 
often  transition  between  buried,  aerial  and  office 


environments.  Existing  rodent  protected  cables  work 
well  in  industrial  environments,  ffowever,  the  varied 
environments  through  which  these  cables  must  pass  call 
for  a  wide  range  of  operating  temperatures  and 
tolerances  to  caustics  and  immersion. 

Fiber  optic  apparatus  is  commonly  exposed  to  rodent 
infestation.  While  lightguide  cables  are  a  common 
victim  of  gnawing  by  rodents,  lightguide  apparatus  is  a 
common  nesting  place  for  rodents.  In  order  to  prevent 
rodents  from  using  lightguide  apparatus  as  a  nesting 
place,  lightguide  apparatus  must  be  developed  which  is 
capable  of  preventing  rodents  from  entering  the  unit. 
While  this  is  common  in  splice  enclosures,  this 
capability  is  much  less  common  in  cross  connect 
equipment. 

Rodents  pose  a  significant  threat  to  lightguide  cables 
and  apparatus.  Current  technologies  for  rodent 
protection  for  fiber  optic  cable  and  apparatus  is 
extremely  useful  in  an  industrial  application.  However, 
as  manufacturers  move  fiber  optics  into  increasingly 
hostile  environments,  rodent  protection  will  become 
even  more  important. 

Corrosives  are  common  in  many  factory  environments. 
Most  notable  are  chemical  processing  facilities  and 
refineries  where  large  quantities  of  petrochemicals  may 
be  present  in  underground  cable  trays  and  tunnels.  In 
addition,  it  is  common  to  install  fiber  optic  cables  and 
apparatus  very  close  to  chemical  processing  equipment. 
In  these  environments  it  is  not  unusual  to  have 
corrosive  materials  splash  on  lightguide  cables  and 
apparatus. 
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Exposure  to  corrosive  materials  is  commoa  in  an 
industrial  environment.  While  efforts,  such  as  conduit 
and  avoidance  of  particularly  hostile  areas,  can  assist  in 
protecting  lightguide  cables  from  exposure,  it  is  a 
requirement  of  many  industrial  installations  that  fiber 
optic  cables  be  capable  of  long  term  immersion  in 
caustic  and  corrosive  materials.  This  requirement 
places  unique  pressures  on  lightguide  cable 
manufacturers  to  develop  cable  jacketing  materials  for 
the  industrial  marketplace  which  are  resistant  to  the 
widest  possible  range  of  corrosive  materials.  While 
exposure  to  corrosive  materials  is  not  unique  to  the 
industrial  marketplace,  the  predominance  of  these 
materials  in  a  factory  demands  that  special 
considerations  be  taken  both  in  the  manufacture  and 
installation  of  lightguide  cables  in  these  environments. 

Lightguide  apparatus  is  often  exposed  to  the  same 
corrosives  as  lightguide  cable.  As  manufacturers  drive 
fiber  optic  communications  systems  closer  to  process 
control  equipment,  and  as  optoelectronic  equipment  is 
incorporated  into  process  control  equipment,  lightguide 
apparatus  will  be  required  which  is  easily  enterable  and 
reconfigurable,  yet  capable  of  withstanding  constant 
exposure  to  corrosive  and  caustic  materials. 

Corrosive  materials  pose  significant  threats  to  both 
lightguide  cable  and  apparatus  in  an  industrial 
environment.  While  great  efforts  are  normally  taken  to 
contain  caustic  materials,  it  is  not  unusual  for  cables 
and  enclosures  to  come  in  contact  with  these  materials. 
In  order  to  provide  the  level  of  support  which  the 
industrial  marketplace  will  require  in  the  future,  higher 


levels  of  resistance  to  corrosive  materials  must  be 
achieved. 

Physical  damage  is  a  common  occurrence  in  an 
industrial  environment.  Physical  damage  generally  falls 
into  two  separate  categories.  Those  categories  are 
incidents  in  which  a  fiber  optic  cable  is  expected  to 
survive  and  those  disasters  in  which  it  is  unreasonable 
*o  expect  any  cabling  to  survive.  Each  of  these 
situations  places  unique  demands  upon  the  lightguide 
cable  developer. 

Survival  of  physical  damage  is  difficuh  in  a  factory 
environment.  As  previously  mentioned,  the  use 
metallic  strength  members  in  lightguide  cable  is 
suboptimal  in  a  factory  environment.  However,  fiber 
optic  cable  is  expected  to  survive  significant  impacts 
which  result  from  small  industrial  accidents  and 
vandalism.  While  all  accidents  in  a  factory  are  not 
survivable,  industrial  customers  are  increasingly 
demanding  communications  systems  which  are  capable 
of  sustaining  some  level  of  impact  without  permanent 
damage.  The  requirement  of  survivability  for 
lightguide  cables,  without  the  inclusion  of  metallic 
armour  or  strength  members,  places  unique  challenges 
before  the  designers  of  lightguide  cables  for  the 
industrial  marketplace. 

Lightguide  apparatus  is  being  exposed  to  increasingly 
dangerous  environments  in  factories.  As  manufacturers 
increasingly  utilize  fiber  optic  cabling  solutions  for 
direct  process  control,  lightguide  apparatus  is  being 
mounted  extremely  close  to  the  process.  This  exposes 
the  apparatus  to  impacts  from  personnel,  falling 
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materials,  automatic  guided  vehicles  (AGVs)  and 
material  movement  equipment.  While  all  of  these 
impacts  are  not  survivable.  it  is  critical  that  lightguide 
apparatus  be  capable  of  surviving  a  wide  range  of 
impact  damage  with  little  or  no  long  term  effect. 

It  is  not  possible  to  protect  a  fiber  optic  cable  from  all 
possible  damage  which  can  occur  within  a 
manufacturing  facility.  Damage  from  extremely  large 
or  heavy  objects,  or  explosions,  will  occur  from  time  to 
time.  While  it  would  be  ideal  to  design  a  fiber  optic 
cable  which  is  capable  of  surviving  any  impact,  this  is 
an  unreasonable  expectation.  However,  when  disasters 
do  occur,  it  is  critical  that  lightguide  cable  facilitate 
repair  or  replacement  by  allowing  rapid  entry  for 
splicing  or  retermination. 

Lightguide  apparatus  is  a  common  victim  of  crushing 
blows  in  an  industrial  environment.  While  these 
accidents  cannot  be  prevented,  it  is  extremely  important 
that  lightguide  apparatus  be  able  to  sustain  significant 
impacts.  Just  as  in  automobiles,  impact  survivability  is 
a  critical  concern  for  lightguide  apparatus.  It  is 
impossible  to  predict  or  prevent  the  damage  of 
lightguide  apparatus.  However,  if  lightguide  apparatus 
is  designed  to  protect  fiber  optic  cable  and  connectors, 
the  loss  of  the  apparatus  itself  is  less  important.  Just  as 
in  automobiles,  it  is  critical  that  lightguide  apparatus 
protect  its  valuable  contents  from  damage,  even  at  the 
expense  of  the  apparatus  itself.  By  protecting  the 
lightguide  fibers  and  connectors  during  a  crushing 
impact,  lightguide  apparatus  will  greatly  enhance  the 
survivability  of  an  industrial  fiber  optic 
communications  system. 


Physical  damage  represents  the  second  most  common 
cause  (after  electronics  failure)  of  an  industrial  fiber 
optic  network.  While  it  is  impossible  to  design 
lightguide  systems  which  are  capable  of  surviving  all 
damage,  it  is  critical  that  industrial  cabling  systems 
survive  as  wide  a  range  of  damage  as  possible.  When 
a  non-survivable  impact  does  occur,  lightguide  cable 
and  apparatus  for  the  industrial  marketplace  must 
facilitate  the  rapid  restoration  of  service. 

The  industrial  environment  is  a  hostile  environment. 
Distance,  temperature,  dust,  induced  currents,  lightning, 
rodents,  corrosive  materials  and  physical  damage 
represent  the  most  significant  threats  to  a  fiber  optk 
communications  system.  While  all  of  these  situations 
may  not  be  present  in  every  manufacturing  facility,  it  is 
common  to  have  three  or  more  of  these  conditions 
simultaneously.  It  is  this  simultaneity  which  poses  the 
greatest  challenge  to  the  developer  of  fiber  optic  cable 
and  apparatus. 

The  design  of  fiber  optic  cable  for  the  industrial 
marketplace  is  a  case  of  satisficing.  While  it  may  be 
possible  to  build  fiber  optic  cable  capable  of  survivii^ 
most,  or  all,  of  the  environmental  considerations  which 
are  present  in  a  factory,  it  is  likely  that  this  cable  would 
be  extremely  expensive  and  little  used.  Rather,  it  is 
critical  that  a  wide  range  of  fiber  optic  cables  and 
apparatus  be  developed  which  are  capable  of 
supporting  combinations  of  environmental  concerns. 
For  example,  one  cable  may  be  developed  which  is 
capable  of  surviving  rodents  and  caustic  materials 
while  another  cable  may  be  capable  of  surviving 
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caustic  materials  and  high  temperatures.  By  providing 
the  widest  possible  selection  of  ligh^uide  cable 
constructions  to  the  industrial  marketplace,  a  cable 
manufacturer  will  be  able  to  address  the  majority  of  the 
environments  which  are  present  in  a  factory. 

As  with  lightguide  cable,  lightguide  apparatus  must  be 
capable  of  withstanding  a  wide  range  of  environmental 
considerations.  It  is  unreasonable  to  expect  a  single 
enclosure  to  meet  all  of  an  industrial  customer’s 
requirements  for  size,  fiber  count  and  mounting  options 
in  addition  to  a  wide  range  of  environmental  concerns. 
However,  by  building  a  family  of  industrial  enclosures 
which  is  capable  of  surviving  within  certain  classes  of 
environmental  considerations.  the  industrial 
marketplace  will  be  able  to  select  the  appropriate 
apparatus  for  a  given  situation. 

The  industrial  workplace  is  inherently  a  dangerous 
environment  for  lightguide  communications  systems. 
However,  lightguide  cable  is  uniquely  suited  to  the 
requirements  of  an  industrial  cus'^omer.  While  existii^ 
fiber  optic  cables  and  apparatus  are  currently  being 
adapted  to  meet  the  needs  of  industrial  customers,  there 
is  a  significant  gap  between  the  requirements  of  the 
industrial  marketplace  and  current  lightguide 
communication  systems  offerings.  By  developing  a 
broad  based  family  of  lightguide  cables  and  apparatus 
suited  to  the  particular  needs  to  the  industrial 
marketplace,  lightguide  cable  and  apparatus 
manufacturers  will  be  able  to  take  advantage  of  this 
significant  and  growing  market. 


Timothy  K.  Cahall  is  Manager.  Fiber  Optic  Systems 
Engineering  -  Europe  for  AT&T  Network  Systems.  He 
has  over  ten  years  of  experience  designing  and 
installing  industrial  control  systems  and  cablii^ 
systems  in  industrial  environments.  He  resides  in 
Hilversum.  The  Netherlands  and  is  responsible  for  tim 
deployment  of  AT&T's  Industrial  Distribution  System 
in  Europe. 
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ABSTRACT 

Wireless  voice  and  data  systems  address 
those  installations  where  hard  wiring  is 
difficult  to  accomplish  or  where  mobility  of 
the  equipment  is  a  key  consideration. 
Wireless  can  solve  problems  in  buildings 
containing  asbestos,  historic  structures 
which  can't  be  modified  and  modem  buildings 
where  cableways  have  been  filled. 

Cordless  telephaies,  wireless  PBX  ports  and 
perscMial  communications  systems  are  voice 
applications.  For  data  communications, 
wireless  links  may  be  used  to  bridge 
information  between  two  buildings  and  to 
connect  wireless  nodes  to  Ethernet  or  Token 
Ring  local  area  networks. 

There  are  three  types  of  wireless  data 
systems:  Infrared  trzuismits  line  of  sight; 
Microwave  is  configured  in  a  microcell 
arrangement;  and  Spread  Spectrum  is  very 
effective  in  transmitting  data  between  and 
throughout  buildings. 


Wireless  Communications 


Wireless  communications  are  now  being 
seriously  evaluated  for  various  voice  and 
data  applications.  Installation  is 
relatively  easy,  since  hard  wiring,  if  not 
completely  eliminated,  is  significantly 
diminished.  This  maOtes  for  quick  set  up  and 
almost  instantcineous  moves  and  changes. 

Voice 

Approaches  for  handling  voice  communications 
include  cordless  telephones,  wireless  PBX 
ports  and  various  types  of  personal 
communicaticns  systems.  These  cure  described 
below: 

Cordless  Telephone:  This  is  similar  to  the 
current  home  cordless  phone  but  with  more 
technological  sophistication.  The  base 
station  needs  to  be  hard  wired  to  the 
tel^hcMie  system,  but  each  of  the  cordless 
handsets  can  m  used  within  several  hundred 
feet  of  the  base  station.  All  of  the 
extensions  cam  be  cordless,  thus  saving  the 
cost  of  wiring  each  room  with  a  phone  jack. 


For  multiple  dwelling  units  the  base  station 
can  be  at  the  curb,  with  each  tenauit  having 
one  or  more  cordless  telephones. 

Wireless  PBX:  For  business  applications  the 
private  branch  exchamge  switch  would  have  a 
number  of  wireless  ports  on  it.  This  would 
allow  a  customer  service  representative  or 
an  executive  to  wadk  around  the  facility  and 
make  amd  receive  telephone  calls  using  a 
cordless  handset. 

Personal  Communications:  The  cordless 
handset  used  at  home,  or  in  the  office, 
could  be  Ccirried  adsout  the  city.  Within 
convenient  areas,  telepoint  locations  would 
exist  vhere  an  outgoing  call  could  be  made. 
This  is  analogous  to  a  wireless  pay 
telephone. 

The  above  applications  are  illustrated  in 
Figures  1-3.  Table  1  compares  range  of 
service  auid  cost  of  the  customer  premises 
equipment  and  the  air  time. 


PCN  VS. 

CELLULAR 

NETWORK 

J500/SUBSCRIBER 

$1 000/SUBSCRIBER 

INSTALLATION 

LIMITATIONS 

20  MPH 

FULL  SPEED 

OR  NO  HAND-OFF 

HAND-OFF 

PHONE  NO. 

UNIVERSAL 

SEPARATE  RESIDENTIAL/ 

CELLULAR  NOS. 

CELL  SIZE 

420  METERS  MAX 

10  MILE  TYPICAL 

PHONE  COSTS 

$50-75  EST. 

$200  -  $600 

CHARGES 

$20/MO. 

$30/MO. 

10-15  CENTSfl^lN. 

20-40  CENTSWIIN. 

TABLE  1  -  COST  COMPARISON  OF  VOICE  WIRELESS  SYSTEMS 


Data 

If  one  can  have  a  telephone  conversation 
over  a  wireless  connection,  why  not  send 
data  in  the  Scime  manner?  The  answer  to  this 
question  has  spurred  the  development  of 
wireless  local  area  networks.  These 
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networks  are  defined  by  two  peuramebers.  One 
parameter  is  the  type  of  data,  which  can 
range  from  a  230  kb/s  RS-232  serial 
interface  to  10  Mb/s  Ethernet  aind  16  Mb/s 
Token  Ring.  The  other  parameter  is  the 
wireless  technology  used,  which  typically  is 
infrared,  spread  spectrum  or  microwave. 
These  are  defined  below: 

Infrared:  This  is  a  line-of-sight 

application  using  light  emitting  diodes  for 
trcmsmitting  and  photodiodes  for  receiving. 
Distances  of  80  feet  can  be  accommodated  in 
an  open  office  environment.  The 
transmitter/ receiver  modules  are  positioned 
sufficiently  high  above  the  partitions,  or 
suspended  from  the  ceiling,  so  that  the  path 
is  not  inadvertently  interrupted. 

Microwave:  The  microcell  approach  is 

similar  to  cellular  but  is  accomplished  at 
microwave  frequencies,  which  are  much 
higher.  Range  is  typically  40  feet, 
dependent  on  whether  interior  walls  need  to 
be  penetrated  or  not. 

Spread  Spectrum:  This  is  a  radio  technology 
which  takes  a  high  power  transmitter  output 
but  broadcasts  it  over  a  very  wide  frequency 
spectrum.  Figure  4  compares  spread  spectrum 
with  conventional  radio  technology. 
Consequently,  with  spread  spectrum,  the 
signal  is  so  spread  out  that  at  any 
frequency  its  signal  strength  at  the 
receiver  is  almost  in  the  noise  level. 
Range  is  several  hundred  feet  in  an  open 
office,  warehouse  or  factory  environment. 

Figures  5-7  illustrate  the  topology  of  these 
networks.  Teible  2  compares  per  node  costs. 


INFRARED 

MICROWAVE 

SPREAD 

SPECTRUM 

BASE  UNIT 

$2995 

$3995 

$2000 

MAX  USERS 

6 

32 

30 

REMOTE  UNITS 

0 

5 

30 

REMOTE  UNIT  COST 

995 

1500 

REMOTE  UNIT 

COST  TOTAL 

A975 

45000 

TOTAL  COST 

$2995 

8970 

$47000 

COST  PER  USER 

$500 

$299 

$1567 

TABLE  2  -  COST  COMPARISON  OF  WIRELESS  LOCAL  AREA  NETWORKS 


Assigned  Spectrum 

Assigned  spectrum  is  a  very  real 
consideration  f'^r  wireless  systems  because 
radio  frequencies  are  a  very  scarce 
commodity.  SLice  the  FCC  only  regulates 


radio  frequency  spectrum,  infrared  systems 
can  operate  without  licensing.  This  allows 
for  worldwide  implementation  of  this 
approach.  On  the  other  hcind,  the  18  GHz 
microwave  approach  requires  licensing  from 
the  FCC.  Spectrum  is  currently  available 
in  the  U.S.  and  allocations  are  being 
considered  in  Canada  ano  in  severed  European 
countries.  The  availability  of  licensed 
spectrum  precludes  interference  from  other 
users,  since  there  can  only  be  one  licensee 
in  any  particular  location.  Spread  spectrum 
is  a  mixture  of  the  two  scenarios.  The 
902-928  MHz  band  has  been  allocated  in  the- 
U.S.,  and  very  recently  also  in  Canada,  for 
industrial,  scientific,  and  medical 
applications.  This  band  can  be  utilized 
without  licensing.  Because  spread  spectrum 
transmits  over  a  very  broad  frequency, 
interference  with  adjacent  users  is 
minimized.  As  a  matter  of  fact,  spread 
spectrum  techniques  were  developed  by  the 
militarY  to  avoid  eavesdropping  on  technical 
communications.  A  spread  spectrum  signal, 
when  monitored  by  a  receiver  that  is  not 
part  of  the  system,  looks  just  like  noise. 
Because  of  the  above  factors,  all  of  the 
wireless  systems  discussed  have- a  certain 
level  of  security  associated  with  them  and 
encryption  can  be  provided  for  those 
applications  where  the  utmost  in  security  is 
required. 

Local  Area  Networks 

There  are  three  factors  driving  the  rapid 
commercial  deployment  of  local  area 
networks.  These  are  the  increasing 
computing  power  available  on  personal 
computers,  the  growth  of  the  number  of  nodes 
connected  into  local  area  networks  and 
standards  activity,  which  has  allowed  for 
enterprise  connectivity  solutions. 

The  MIPS  (millions  of  instructions  per 
second)  capability  of  computers  is  literally 
exploding.  In  1989  computers  had  a 
capability  of  1.8  MIPS  and  by  1993  this  is 
projected  to  grow  to  8  MIPS.  At  -the  same 
time  the  number  of  computers  hooked  into  a 
local  area  network  will  grow  from  an  average 
of  12  to  an  average  of  30.  This  quadrupling 
of  instructicxial  and  processing  capability, 
coupled  with  the  tripling  of  the  number  of 
users  on  a  network,  will  result  in  an  order 
of  magnitude  larger  information  transfer 
requirements  across  the  network.  In  the 
near  future  10  Mb/s  Ethernet  and  16  Mb/s 
Token  Ring  will  not  be  enough  and  networks 
will  evolve  to  run  at  Fiber  Distributed  Data 
Interface  (FDDI)  speeds  of  100  Mb/s. 

Successful  wireless  systems  will  conform  to 
existing  industry  specifications,  such  as 
IEEE  802.3  for  Ethernet  and  IEEE  802.5  for 
Token  Ring.  A  separate  standards  group, 
IEEE  802.11,  has  been  formed  to  develop 
wireless  standards.  Properly  engineered 
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wireless  systems  eire  cxjmpletely  transparent 
to  the  user,  which  is  ein  advantage,  because 
only  the  hard  to  wire  nodes  need  to  be 
wireless. 

Conclusion 

Since  wireless  communications,  by  nature  use 
some  portion  of  our  scarce  frequency 
spectrum,  government  regulations  are  usually 
involved.  Hopefully,  the  1992  World 
Administrative  Radio  Conference  (WARC)  will 
reach  some  harmonized  standards,  but 
currently  available  frequency  allocations 
vary  from  country  to  country.  Thus  a 
wireless  technique  availeible  in  one  country 
may  not  be  available  in  another  due  to 
licensing  restrictions. 


To  be  successful,  a  technology  needs  real 
business  applications  For  the  next  several 
years  projections  are  that  wireless  will  be 
a  niche  mairket.  It  will  replace  wire  in 
those  applications  which  are  difficult  or 
very  costly  to  wire.  Until  large  volumes 
are  reached,  chip  costs  will  be  high, 
licensing  considerations  will  inhibit  growth 
and  the  bias  towards  hard  wiring  will  need 
to  be  overcome.  However,  due  to  its 
flexibility  wireless  may  be  a  very 
significant  part  of  the  wiring  market  by  the 
end  of  this  decade. 


Rgure  3  -  Personal  Communications 
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Rgure  2  -  Wireless  PBX 


Figure  5  -  Infrared  Token  Ring  Network 
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Rgure  6  -  Microcell  Local  Area  Network 
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Figure  7  -  Spread  Spectrum  Local  Area  Network 
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Abstract 

As  fiber-optic  technology  moves  into  the 
local-loop  environment,  the  mechanical  performance 
requirements  of  optical  fiber  coatings  will  become 
more  stringent.  Coatings  will  be  required  to 
withstand  much  more  rigorous  mechanical  action 
such  as  rubbing,  scraping,  chipping  or  erosion 
during  subsequent  handling,  installation,  use 
and  service. 

Currently,  the  wear  resistance  of  optical 
fiber  coating  is  measured  using  a  modified  falling 
sand  tester.  The  falling  abrasive  powder  provides 
a  range  of  eroding  actions,  from  vertical  imping¬ 
ing  wear  to  tangential  abrasive  wear.  This  paper 
discusses  the  test  procedure,  and  the  parameters 
that  affect  the  measurement  results.  Any  devia¬ 
tion  from  the  correct  apparatus  setting  alters 
the  measured  values  for  wear  resistance.  The 
use  of  control  fibers  or  metal  wires  to  ensure 
measurement  consistency  is  recommended. 


Introduction 

Wear  ressitance  of  optical  fiber  coating 
is  an  indicator  of  the  protective  coating's  abil¬ 
ity  to  resist  damage  during  subsequent  processing, 
installation,  use  and  service.  Industry  currently 
uses  a  modified  ASTM  falling  sand  test  to  deter¬ 
mine  the  w^ar  resistance  of  optical  fiber  coatings. 
The  method  has  been  recognized  by  the  Telecomm¬ 
unications  Industries  Association  (TIA)  as  a  pro¬ 
cedure  for  comparing  wear  resistance  of  optical 
fiber  coatings.  2 

There  are  two  types  of  wear,  namely  abrasion 
and  impact.  Wear  by  abrasion  removes  material 
by  scratching  or  scoring;  impact  removes  material 
by  peening,  mushrooming,  cracking,  chipping  and 
spalling.  The  falling  sand  method  tests  optical 
fiber  coatings  for  wear  resistance  under  simultane¬ 
ous  actions  of  both  abrasion  and  impact.  The 
end  product,  namely  the  optical  fiber,  is  tested 
under  a  simulated  service  condition.  Abrasion 
refers  to  wear  or  loss  of  material  caused  by  move¬ 
ment  of  an  abrading  material  parallel  to  the  sur¬ 
face.  Abrasion  resistance  is  improved  either 
by  introducing  a  very  hard  surface,  or  by  introdu¬ 
cing  a  soft  and  elastic,  but  tough,  material  that 
will  deform  rather  than  score.  Impact  is  the 
type  of  wear  that  results  from  hammering  effects 
perpendicular  to  the  surface.  Resistance  to  wear 


by  impact  requires  toughness,  hardness,  and  stren¬ 
gth. 

The  paper  discusses  the  various  parameters 
that  influence  the  test  results  and  highlights 
precautions  necessary  to  ensure  measurement  con¬ 
sistency  . 


Capstan 


Figure  1 :  Schematic  of  the  Modified  Failing 
Sand  Tester 


Experimental  Procedure 

A  schematic  of  the  testing  apparatus  is  shown 
in  Fig.  1.  A  hopper  holds  the  alumina  abrasive, 
and  a  guide-tube  is  attached  to  the  hopper  to 
allow  for  controlled  abrasive  flow.  A  stopper 
valve  is  used  to  open  and  close  the  flow  of  abra¬ 
sive.  The  fiber  sample  is  attached  to  a  capstan 
and  placed  under  the  guide-tube  in  tension  by 
hanging  a  load.  A  bin  is  placed  right  below 
the  guide-tube  to  collect  the  falling  abrasive. 

Upon  opening  the  stopper  valve,  a  thin  stream 
of  abrasive  falls  on  the  taut  fiber  sample.  The 
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Table  1 ;  Frictional  loss  at  the  pulley  for  a  1 000  gram  load 


Material 

Diameter 

Axle  Type 

Age 

Fiber  Tension  (g) 

Teflon* 

1  inch 

Teflon  shaft 

8  months 

630 

Aluminum 

1  inch 

Teflon  shaft 

New 

860 

Aluminum 

4  inches 

Ball-bearing 

New 

1000 

abrasive  flow  constitutes  both  perpendicular  and 
parallel  streams  with  respect  to  the  fiber.  The 
test  measures  the  amount  of  alumina  abrasive  requ¬ 
ired  to  abrade  through  the  protective  coating 
and  cause  failure  of  the  fiber.  The  measurement 
is  based  on  the  wear  mechanism  that  first  damages 
the  coating  layer  sufficiently  to  cause  breakage 
of  the  underlying  glass  fiber.  Apart  from  the 
fundamental  properties  of  the  coating,  the  meas¬ 
ured  wear  resistance  also  is  influenced  by  the 
mechanism  of  fliSLcoating  removal,  heat  developed 
during  the  test,  and  friction  between  the  abrasive 
and  the  coating.  The  size  and  material  of  the 
abrasive  greatly  influences  the  wearing  process. 

It  has  been  determined  that,  for  th^  commercially 
available  current  coatings,  an  ANSI  grit  size 
#24  yields  wear  resistance  values  within  a  manage¬ 
able  10  pounds. 

The  test  parameters  that  may  influence  the 
final  results  fall  into  three  categories,  namely, 
fixable,  verifiable,  and  uncontrolled.  The  fixable 
parameters  include  guide-tube  material  and  size, 
stop-p^r;'  location,  abrasive  material  and  size, 
sample  gauge  length,  and  tension  load.  Fixable 
parameters  have  been  standardized  in  an  effort 
to  minimize  the  variables.  The  verifiable  para¬ 
meters  include  frictional  loss  at  the  pulley, 
guide-tube  verticality,  fiber  position  in  the 
stream,  and  temperature  and  humidity.  Verifi¬ 
able  parameters  are  monitored  to  ensure  reliabi¬ 
lity.  The  uncontrolled  parameters  include  abrasive 
size  distribution  and  shape,  abrasive  breakdown 
resistance,  abrasive  stream  size  and  flow  pattern, 
variations  in  abrasive  characteristics  from  lot 
to  lot  and  from  supplier  to  supplier,  and  operator 
variability  (the  human  factor).  The  uncontrolled 
parameters  pose  serious  concerns  in  terms  of  ach¬ 
ieving  repeatable  and  reproducible  results.  This 
mandates  the  use  of  either  control  or  reference 
samples  in  order  to  normalize  data. 

The  effects  of  the  various  test  parameters 
and  the  ways  to  account  for  them  are  discussed 
below.  As  far  as  the  fixable  parameters  are  con¬ 
cerned,  the  experiments  were  performed  at  set 
conditions.  The  verifiable  parameters  were  test¬ 
ed  to  demonstrate  the  degree  of  their  impact  on 
the  final  results.  A  normalization  procedure 
is  recommended  in  order  to  compensate  for  the 
measurement  variability  due  to  the  uncontrolled 
parameters . 

Experimental  Results  and  Discussion 

The  guide-tube  material  and  size,  stopper 
location,  abrasive  material  and  size,  sample  gauge 
length,  and  tension  load  were  kept  the  same  throu¬ 
ghout  this  investigation.  The  test  parameters 
that  were  analyzed  included  frictional  loss  at 
the  pulley,  guide-tube  verticality,  fiber  position 
in  the  stream,  abrasive  size,  abrasive  suppliers, 
and  humidity. 


The  mechanism  of  fiber  failure  is  based  on 
the  flaw  generated  on  the  bare  glass  after  coating 
removal.  A  load  of  1000  grams  (g)  is  equivalent 
tq  a  tension  of  about  25  kpsi  on  the  fiber.  At 
this  tension,  a  flaw  of  about  20  micrometers  (pm) 
on  the  surface  will  cause  the  glass  to  fail. 

Such  flaws  are  easily  formed  on  the  glass  by  the 
falling  alumina  abrasive  with  an  average  particle 
size  of  about  750  pm.  Table  1  contains  the  data 
that  illustrates  the  occurrence  of  frictional 
loss  at  the  pulley.  A  sealed  ball-bearing  pror 
vides  complete  transfer  of  load  to  the  fiber. 

In  fact,  it  has  been  observed  that  the  friction¬ 
al  loss  did  not  affect  the  measured  mean  of  coating 
wear  resistance  significantly,  although  the  measur¬ 
ement  sigma  was  higher  for  a  lower  load  of  500 
grams . 

Two  important  characteristics  of  the  abrasive 
stream  that  influence  the  measured  value  are  the 
momentum  of  the  particles  and  the  stream  density. 
The  abrasive  falling  down  the  guide-tube  experi¬ 
ences  both  sliding  action  along  the  tube  walls 
and  free  falling  in  the  core  region.  The  sliding 
action,  though  retarding  the  speed  of  flow,  has 
a  tendency  to  cause  a  flow  of  higher  density. 

In  other  words,  the  momentum  of  the  particles 
is  reduced  but  the  number  of  particles  striking 
the  fiber  is  increased,  resulting  in  contrary 
bias  on  the  measured  value  of  wear  resistance. 
Figure  2  shows  the  effect  of  guide-tube  verticality 
on  the  measured  coating  wear  resistance  for  grit 
#24  and  #30.  It  is  believed  that  the  guide-tube 
verticality  is  an  important  factor,  although  its 
effect  appears  to  be  slight.  All  the  data  report¬ 
ed  in  this  paper  were  made  at  the  vertical  posi¬ 
tion.  The  verticality  is  checked  with  a  level 
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Figure  2;  Effect  of  Guide-lube  Verticality  on  the 
Measured  Coating  Wear  Resistance 
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Figure  3:  Across-the-stream  Mapping  to 

Determine  the  Center  of  the  Stream 
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Figure  4;  Coating  Wear  Resistance  for  Different 
Abrasive  Sizes  from  Supplier  B 


prior  to  testing. 

The  surfaces  of  the  falling  abrasive  are  rough 
and  will  touch  only  a  limited  number  of  small, 
discrete  areas.  The  real  area  of  contact  is  gen~ 
erally  very  much  smaller  than  the  apparent  geom¬ 
etric  area.  The  stream  falling  on  the  fiber  is 
about  6  millimeters  in  diameter.  The  fiber^s 
position  in  the  stream  signif icantly  influences 
the  measured  value.  Figure  3  illustrates  the 
trend  over  the  cross-section  of  the  stream.  The 
point  of  minimum  is  taken  as  the  center  of  the 
stream,  and  all  the  tests  were  performed  at  that 
setting. 

Figure  4  contains  information  on  the  effects 
of  grit  size.  The  finer  grit  (#30)  results  in 
higher  values  for  the  wear  resistance.  Again, 
there  is  a  trade-off  between  the  momentum  and 
stream  density,  leading  to  the  observed  differen¬ 
ces.  Figure  5  addresses  the  variations  observed 
using  abrasives  from  various  suppliers.  The  diff¬ 
erences  in  size  distribution  and  particle  shape 
contribute  to  the  observed  differences  in  the 
measured  coating  wear  resistance.  Table  2  contains 
information  on  the  size  distribution  for  abrasives 
from  three  commercial  suppliers.  Continuous  usage 
of  the  abrasive  leads  to  abrasive  size  break  down 
and  shape  changes.  Table  3  contains  data  on  the 
break  down  performance  of  a  commercial  abrasive. 
Based  on  the  coating  wear  resistance  values  ob¬ 
tained  from  the  abrasives  after  repeated  use, 
it  appears  that  a  batch  of  abrasive  is  reusable 
up  to  nearly  500  times.  Figure  6  demonstrates 
the  usefulness  of  this  technique  to  compare  opti¬ 
cal  fiber  coatings  for  their  wear  resistance 
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Figure  5:  Comparison  ol  Coating  Wear  Resistance  of 
Fiber  A  for  Abrasives  from  Various  Suppliers 


performance.  Fiber  B  displays  a  higher  resistance 
than  fiber  A.  The  ratio  of  their  resistances 
is  about  1 .8. 

The  effect  of  humidity  on  the  measured  coat¬ 
ing  wear  resistance  was  investigated  from  30 
to  80%  RH.  This  range  includes  the  standard 
ambient  prescribed  by  the  Electronics  Industries 
Association  .  The  samples  were  preconditioned 
at  the  specified  humidity,  and  tested  at  ambient. 
Figure  7  contains  the  data.  It  is  evident  that 


Table  2:  Size  distribution  of  grit  #24  for  various  suppliers  (given  in  %) 


+18  mesh 

+20  mesh 

ANSI  Spec 

0-25 

35-65 

Supplier  D 

0 

23.2 

Supplier  E 

0.1 

9.4 

Supplier  A 

0 

8.9 

+25  mesh 

+40  mesh 

40  mesh 

25-55 

10-40 

<5 

61.3 

15.4 

0 

33.0 

53.4 

4.2 

47.8 

43.3 

0 
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Table  3:  Break-bown  characteristics  of  abrasives  on  repeated  use  (given  in  %) 


+18  mesh 

+20  mesh 

+25  mesh 

+40  mesh 

-40  mesh 

ANSI  Spec 

0-25 

35-65 

25-55 

40-40 

<5 

Supplier  A 
(as-received) 

0 

8.9 

47.8 

43.3 

0 

Supplier  A 
(after  300  uses) 

0 

8.1 

49.9 

41.8 

0.1 

Grit  #24  Grit  #30 

Abrasit/e  Size 


data  within  a  laboratory.  The  authors  have  pre¬ 
viously  published  data,  using  a  linear  normali¬ 
zation  procedure,  on  the  effect  of  various  aqueous 
and  thermal  environments  on  the  coating  wear  resis¬ 
tance  of  Corning  Titan®  fiber.  However,  for  the 
purposes  of  comparing  data  between  laboratories, 
it  is  essential  to  establish  a  calibration  proc¬ 
edure.  Corning  has  evaluated  metal  wires  as  poten¬ 
tial  calibration  markers.  Table  4  includes  the 
observations  made  on  three  metal  wires.  The  dia¬ 
meter  and  the  tensile  strength  of  the  metal  wires 
coupled  with  the  wear  resistance  determine  the 
amount  of  abrasive  required  to  cause  failure  of 
the  wires. 

Table  4;  Abrasion  resistance  of 

metal  wires  at  a  1000  gram  load 


Figure  6:  Comparison  of  Coating  Wear  Resistance  of 
Fiber  A  &  B  using  Abrasives  from  Supplier  C 

the  mean  of  the  tested  fiber  (fiber  A)  was  not 
influenced  by  the  humidity;  however,  the  highgr 
humidity  resulted  in  higher  measurement  sigma  . 

Only  relative  (non-absolute)  information 
is  possible  due  to  the  measurement  variability 
introduced  by  the  uncontrolled  parameters. 
Control  samples  with  an  assigned  wear  resistance 
must  be  used  in  order  to  normalize  the  measured 


Relative  Humidity  (%) 

Figure  7;  Effect  of  Humidity  on  the  Measured 
Coating  Wear  Resistance  of  Fiber  A 


Mean  (kgs) 

95%C.I.  (kgs) 

Molybdenum,  127  pm 

>8 

0.22 

Tungsten,  75  pm 

0.62 

Tungsten,  100  pm 

8.56 

0.53 

Nichrome,  143  pm 
(Ni:Cr::80:20) 

5.45 

0.68 

In  order  to  ensure  that  the  load  is  transferred 
to  the  wire,  the  frictional  loss  at  the  pulley 
is  critical.  As  suggested  before,  a  sealed  ball¬ 
bearing  provides  negligible  loss. 

In  any  given  situation,  the  relative  impor¬ 
tance  of  the' different  processes  causing  abra¬ 
sion  and  impact  will  depend  on  the  conditions 
of  operation  to  which  the  fibers  are  subjected. 

It  is  important  to  recognize  that  the  falling 
sand  tester  checks  the  fiber  for  only  the  worst 
of  the  two  failure  modes,  namgly,  abrasion  and 
impact.  Abrasive  wear  losses  are  most  pronoun¬ 
ced  when  the  particles  slide  against  rough  sur¬ 
faces  where  plastic  flow  may  lead  to  microcutting 
and  viscoelastic  deformation.  This  can  result 
in  tearing,  cracking,  or  fatigue.  At  the  other 
extreme,  when  the  particles  slide  against  smooth 
surfaces  (interfacial  sliding),  frictional  work 
is  dissipated  in  a  very  narrow  interfacial  zone. 
Both  viscoelastic  deformation  and  interfacial 
sliding  processes  lead  to  heat  generation  that 
may  ultimately  result  in  surface  oxidation,  thermal 
degradation,  or  actual  melting.  Thus,  the  main 
complication  during  abrasive  wear  is  the  energy 
transfer  that  often  occurs  from  the  abrasive  par¬ 
ticles  to  the  polymer  coating;  the  amount  and 
type  of  transfer  depend  on  the  conditions  of 
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abrasion  imposed  (momentum  of  particles,  stream 
density  and  temperature).  g 

The  impinging  particles  (impact  wear)  cause 
viscoelastic  and  plastic  deformation  of  polymeric 
materials.  Material  is  worn  away  due  to  tearing 
off  of  the  lips  and  fibrils  produced  by  the  im¬ 
pinging  particles.  Brittle  materials  splinter 
when  subjected  to  this  kind  of  particle  bombard¬ 
ment.  Deformable  polymers  are  generally  more 
resistant  to  this  type  of  wear  because  they  have 
more  elastic  deformability . 

Conclusion 

The  modified  falling  sand  test  checks  the  optical 
fiber  coatings  for  the  worst  of  the  two  failure 
modes,  namely,  abrasion  and  impact  resistance. 
This  test  is  a  good  tool  to  compare  optical  fiber 
coatings  for  wear  resistance.  However,  control 
fibers  should  be  used  to  ensure  wear  resistance 
values  that  can  be  used  for  the  purposes  of 
comparison.  Use  of  metal  wires  as  calibration 
(reference)  markers  is  a  possibility  to  compen¬ 
sate  for  the  existing  measurement  variability 
between  laboratories,  and  render  measurement 
reproducibility. 
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Abstract  -  Fiber  optic  based  communications 
systems  are  very  attractive  to  the  electric  utili¬ 
ty  industries,  because  they  can  be  deployed  along 
with  existing  right-of-ways  where  transmission 
systems  already  exist.  One  of  the  more  cost- 
effective  ways  of  implementing  a  system,  particu¬ 
larly  for  new  construction,  is  to  use  a  wire 
commonly  known  as  Optical  Ground  Wire  (OPGW). 

This  concept  involves  the  encasement  of  the  optical 
fibers  within  a  wire  jacket  which  is  also  used  for 
"static  line"  or  overhead  shielded  wire. 

Over  the  past  few  years,  more  and  more  of 
these  systems  are  being  implemented.  As  more  are 
installed,  a  significant  weakness  is  manifesting. 
The  optical  fibers  are  failing,  predominately  as 
the  result  of  lightning  activity;  the  higher  the 
isokeraunic  number  for  a  given  area,  the  greater 
the  failure  rate.  In  some  areas,  the  problem  is 
so  significant  that  the  system  may  have  to  be  re¬ 
placed.  The  situation  is  a  classic  paradox.  The 
shield  is  deployed  to  intercept  the  strikes,  but 
the  strikes  cause  damage  to  the  optic  fibers 
therein . 

This  paper  describes  Che  concept  used  to  pre¬ 
vent  lightning  damage  to  static  lines  enclosing 
OPGW  and  the  results  achieved  by  this  approach. 

INTRODUCTION 

In  1987,  Mississippi  Power  4  Light  rebuilt 
thiry-six  miles  of  115  kV  transmission  line  north 
of  Jackson,  Mississippi,  upgrading  it  to  230  kV. 

The  old  conductor'-  were  used  to  pull  in  the  new 
conductors  and  the  thirty  year  old  5/16  inch  shield 
wire  was  used  to  pull  in  a  new  7/16  inch  EHS  gal¬ 
vanized  strand  in  the  static  wire  position. 

In  1989,  this  same  technique  was  proposed  for 
installation  of  overhead  fiber  optic  ground  wire 
(OPGW)  along  the  original  115  kV  system  west  of 
Jackson,  Mississippi.  This  method  would  have  re¬ 
duced  installation  cost  of  the  fiber  optic  cable 
when  compared  to  the  costs  of  removal  and  separate 
instal lat ion . 

The  installation  contractor  and  Mississippi 
Power  &  Light  engineers  quickly  discovered  that 
the  5/16  inch  galvanized  high  strength  steel 
static  line  had  sustained  substantial  damage. 
Numerous  failures  of  the  static  line  occurred 
during  the  initial  installation  of  the  OPGW  on  the 
east  end  of  the  project  and  it  was  necessary  to 
change  the  installation  method.  The  old  static 
wire  was  removed  span-by-span  and  pull  ropes  were 
used  to  install  the  fiber  optic  wire. 


During  the  great  ice  storm  of  1989,  there 
were  seven  static  line  failures  involving  5/16 
inch  galvanized  HSS  wire  in  the  same  geographical 
areas  as  the  OPGW  route.  Investigation  of  these 
failures  showed  evidence  of  substantial  overheating 
as  would  occur  with  high  current  lightning  strokes. 

Service  personnel  and  residents  in  the  area 
reported  witnessing  heavy,  long  duration  lightning 
strokes  to  the  static  wires.  Occasional  failures 
of  the  old  bail-type  Hulett  insulators  had  shown 
evidence  of  flashovers  which  were  thought  to  be 
lightning  related.  A  study  by  the  State  Universi¬ 
ty  of  New  York,  which  operates  the  EPRI  Lightning 
Detection  Network,  showed  that  in  this  area  there 
were  a  greater  number  than  average  strikes  per 
square  kilometer  and  higher  than  average  first 
stroke  intensity,  which  correlated  with  the  pre¬ 
viously  stated  observations. 

It  appeared  that  the  static  wire  was  func¬ 
tioning  as  designed,  that  it  was  intercepting 
lightning  strokes,  many  of  which  were  striking  at 
mid-span.  The  fiber  optic  cable  had  been  specified 
to  match  the  characteristics  of  the  existing  5/16 
inch  HSS  galvanized  strand  based  on  the  perfor¬ 
mance  of  the  previously  mentioned  shield  wire 
north  of  Jackson. 

There  was  concern  that  lightning  damage 
might  penetrate  the  alumoweld  strands  and  the 
aluminum  tube  surrounding  the  fiber  optic  strands. 
Consequently,  the  fiber  optic  network  would  become 
unreliable.  Removing  the  existing  OPGW  and  re¬ 
placing  it  with  a  higher  12T  cable  was  considered 
but  the  estimated  cost  was  $700,000.  The  decision 
was  made  to  go  with  a  lightning  protection  system. 


Discussion 

Not  all  lightning  strikes  cause  damage  to  the 
overhead  shield  wire.  In  fact,  only  a  small  per¬ 
centage  of  them  seem  to  be  of  sufficient  magnitude 
to  influence  the  encased  fibers.  From  Figure  1, 
it  is  obvious  that  the  high  energy  strikes  occur 
less  frequently.  Further,  the  higher  the  energy, 
the  less  frequently  a  strike  will  occur.  In  spite 
of  this  fact,  history  has  proven  that  the  risk  of 
a  damaging  strike  may  be  far  too  high  to  be  con¬ 
sidered  acceptable. 

The  risk  of  damage  to  a  fiber  optic  line 
from  a  direct  strike  is  a  function  of  at  least 
four  factors: 

I.  The  isokeraunic  number  for  the  area.  (This  is 
the  number  of  thunderstorm  days  per  year.) 
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2.  The  length  of  the  encased  fiber  optic  line. 

3.  The  energy  withstanding  capability  of  the  line. 

4.  The  energy  contained  within  the  strike  collect¬ 
ed  by  the  encased  fiber  optic  line. 

These  factors  fall  into  two  categories: 

1.  The  probability  of  a  strike  to  the  line. 

2.  The  probability  of  damage  to  the  fiber  optic 
line  given  that  a  strike  to  the  line  has 
occurred . 

The  risk  of  a  strike  is  directly  proportional 

to  the  isokeraunic  number  and  the  length  of  the 

line. 


RELATED  RISK  % 


50  5  1.5  0.5 


UGHTNING  CURRENT  AMPLITUDE,  kA 
FIGURE  1.  STROKE  CURRENT  RISK  ASSESSMENT 


The  probability  of  damage  to  a  fiber  optic  line, 
given  th.it  ,i  striki*  has  occurred,  is  directly 
proportional  to  the  energy  in  the  stroke  and 
inver.sely  proportional  to  the  heat  dissipation 
capability  of  the  given  wire.  For  example,  consid¬ 
er  a  wire  that  has  been  qualified  to  function  with¬ 
out  failure  up  to  a  h(J,()0()  ampere  peak  current. 
Since  the  average  U.S.  location  will  receive  100 
strikes  for  a  100  mile  length  of  line,  we  can  ex¬ 
pect  five  of  these  to  be  potentially  damaging 
strikes.  Texas,  Louisiana,  Mississippi,  Georgia 
and  the  Carol inas  will  have  twice  that  number,  and 
central  Florida  will  have  three  times  as  many. 

The  risk  incurred  is  obviously  far  too  high  if 
h(),000  ampt^ri’S  is  tin-  maximum  peak  energy  that  can 
be  Ic^leratfd.  If  the  maximum  sate  energy  is  in- 
(•r(‘ast.'d  to  I0f),00()  amperes  peak  current,  the  risk 
ot  damage  is  still  at  least  three  damaging  strikes 
per  year  for  each  lOO  miles  of  fiber  optic  line  in 


the  South  and  Eastern  United  States.  The  risk  can 
be  three  times  this  number  in  other  parts  of  the 
world . 

From  these  data,  it  becomes  obvious  that  there 
is  a  significant  risk  that  lightning  will  strike 
the  transmission  line  static  wire  and  that  an  un¬ 
acceptable  number  of  these  strikes  will  contain 
enough  energy  to  induce  damage  to  the  line.  The 
risk  may  be  considered  acceptable  in  the  northern 
latitudes  but  must  be  reduced  or  eliminated  in 
about  fifty  percent  of  the  U.S.  and  other  areas  of 
equal  or  greater  risk. 

The  protection  problem  centers  around  the 
primary  purpose  of  the  fiber  carrier,  the  static 
line.  Its  purpose  is  to  be  a  preferential  strike 
termination  in  order  to  protect  the  nearby  phase 
conductors.  Therefore,  strokes  are  to  be  expected 
and  indeed  encouraged  tu  terminate  thereon. 

From  the  foregoing  discussion,  it  is  apparent 
that  only  the  very  high  energy  strikes  are  a 
threat.  The  lower  energy  strikes,  those  below  the 
line  tolerance  level,  are  of  no  concern  to  the 
optical  fibers  as  well. 

One  obvious  protection  option  is  to  increase 
the  withstanding  capability  of  the  static  line 
itself  by  adding  more  steel  strands.  Unfortunate¬ 
ly,  the  cost  of  so  doing  rises  exponentially  with 
the  associated  reduction  in  risk.  As  the  static 
line  size  increases,  its  weight  also  increases, 
and  the  static  and  dynamic  loads  on  the  supporting 
structures  increase.  This  option  is  not  economi¬ 
cal  ly  acceptable . 

Recent  developments  within  the  lightning 
protection  industry  have  provided  a  solution  to 
this  problem: 

The  Spline  Ball  Ionizer^'  (SBI^)  is  a  UL  listed 
device  designed  to  dissipate  the  storm  induced 
energy  from  a  facility  by  the  "Point  D i scharge"[ 1 ] 
mechanism,  thus  reducing  the  probability  of  a 
strike  to  that  facility.  It  is  based  on  the 
Dissipatioi  Array*  System  which  collects  and 
dissipates  the  storm  induced  charge  in  the  area  of 
concern,  slowly,  through  point  discharge  or  ioni¬ 
zation.  Unlike  the  Dissipation  Array  System  which 
prevents  all  strikes  to  a  facility,  the  SBI  pre¬ 
vents  most  strikes  but  in  an  intense  storm  will 
act  as  a  "collector/diverter".  The  SBI  thus 
serves  two  functions  in  the  protection  of  fiber 
optic  line,  i.e.,  (1)  it  greatly  reduces  the 
probability  of  a  strike  and,  (2)  should  it  fail  to 
prevent  a  strike,  the  SBI,  rather  than  the  fiber 
optic  line,  will  become  the  terminus  of  the  poten¬ 
tially  damaging  stroke.  Figure  2,  depicts  a  typi¬ 
cal  Spline  Ball  Ionizer  module. 

Lightning  rod  performance  data  indicates  that 
the  following  factors  must  be  present  to  assure 
100%  effectiveness  as  an  air  terminal  in  collecting 
strikes  (reft^r  to  Figures  3  and  4): 

1.  The  air  terminal  generates  a  streamer  which 
moves  toward  the  step  leader. 

2.  The  streamer  must  enter  the  strike  zone. 

3.  The  streamer  must  be  predominate  within  the 
strike  zone  . 
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4.  To  generate  the  required  streamer,  the  air 

terminal  must  present  a  point  oriented  toward 
the  leader;  efficiency  is  related  to  the  angu¬ 
lar  difference  between  the  point  of  the  air 
terminal  and  the  leader. 

Because  the  SBI  provides  a  point  oriented  at 
least  every  five  degrees  and  a  full  120  degrees  in 
elevation,  it  will  collect  lightning  leaders  from 
any  azimuth  or  elevation  angle  within  its  sphere  of 
influence  if  it  is  within  the  strike  zone.  Given 
the  foregoing  premise,  the  next  step  is  to  define 
the  SBI  "Sphere  of  Influence"  in  the  collection 
mode.  To  that  end,  we  can  draw  upon  the  work  of 
several  atmospheric  physicists  who  claim  that  the 
lightning  leader  follows  a  random  or  unpredictable 
path  until  it  reaches  a  point  above  earth  called 
the  "Point  of  Discrimination"  as  illustrated  in 
Figure  4.  At  that  point,  the  strike  target  has 
been  selected.  The  voltage  on  the  leader  tip  is 
approximately  10®  volts.  The  related  field 
strength  can  exceed  100  kV/meter  of  elevation 
above  earth  or  between  the  leader  tip  and  an  object 
on  the  earth  that  it  will  strike.  Upward  moving 
streamers  from  several  sources  "reach"  toward  the 
leader  and  compete  for  it.  The  first  streamer  to 
reach  the  leader  closes  the  circuit  and  receives 
the  stroke.  The  question  is,  how  far  will  the 
streamers  reach  and/or  how  far  will  the  stroke 
reach? 

Again,  the  atmospheric  physicist  has  provided 
some  answers[2].  Photographs  taken  over  a  period 
of  years  by  various  researchers  indicate  that  the 
downward  moving  leader  usually  travels  between  30 
to  40  percent  of  the  last  step  (or  strike  distance) 
before  being  joined  by  the  successful  upward  mov¬ 
ing  streamer.  They  also  indicate  that  the  "step 
distance"  can  vary  from  a  low  of  about  ten  meters 
to  a  high  of  160  meters  for  the  common  negative 


FIGURE  3.  STROKE  COLLECTION  EFFICIENCY, 
CONVENTIONAL  AIR  TERMINALS 


FIGURE  4.  STRIKE  ZONE  FACTOR 


Stroke,  or  as  much  as  240  meters  for  the  unusual 
positive  stroke.  Refer  again  to  Figure  1. 

(Note:  Lightning  leaders  move  in  steps  from 
the  cloud  toward  earth,  therefore,  the  "step  dis¬ 
tance"  is  the  length  of  one  step.  The  length  of 
those  steps  is  a  function  of  the  energy  in  the 
descending  leader.  Refer  again  to  Figure  4.) 

From  these  data,  we  find  that  the  "Striking 
Distance"  is  approximately  equal  to  the  "Step 
Distance"  and  is  also  a  function  of  the  energy  in 
the  leader. 

In  summary,  the  body  of  available  scientific 
data  suggest  that  the  higher  the  energy  in  a  down¬ 
ward  moving  step  leader  the  farther  the  Point  of 
Discrimination  is  from  the  earth’s  surface,  or  the 
longer  its  reach.  The  lower  energy  leaders  have  a 
limited  reach,  often  as  low  as  ten  to  fifteen 
meters. 

Since  only  the  higher  energy  strokes  are  of 
concern  to  fiber  optic  systems,  the  short  range, 
lower  energy  strokes  can  be  neglected.  From  the 


International  Wire  &  Cable  Symposium  Proceedings  1991  435 


foregoing  factors,  it  is  now  obvious  that  there  is 
a  requirement  for  a  protective  system  that  will 
augment  the  protection  provided  by  the  static  line 
and  will  divert  the  higher  energy  strikes  to  a 
preferred  terminal,  thus  preventing  them  form 
terminating  on  the  OPGW  static  line.  As  mentioned 
earlier,  the  Spline  Ball  Ionizer®  accomplishes 
this  objective  by  presenting  a  streamer  point 
every  five  degrees  in  both  azimuth  and  elevation 
from  which  a  lightning  leader  can  enter  its  sphere 
of  influence. 

To  illustrate  this  application,  consider  the 
results  of  the  60,000  ampere  stroke  discussed 
earlier.  Although  the  probability  ot  exceeding 
this  level  is  less  than  five  percent,  it  is  still 
too  high.  Figure  1,  indicates  that  strokes  of 
this  magnitude  and  greater  will  reach  or  have  a 
striking  distance  of  at  least  250  feet. 

The  Spline  Ball  Ionizer  will  collect  the 
60,000  ampere  stroke  and  those  of  greater  magni¬ 
tude  from  a  range  of  250  feet  or  greater  provided 
there  is  no  preferential  streamer  point  to  compete 
with  it.  As  illustrated  in  a  prior  paper(4l,  if 
there  are  many  pointed  objects  or  sharp  objects 
within  the  strike  zone,  they  will  compete  for  the 
leader.  The  longer  streamer,  or  the  closest  of 
these  to  the  leader,  usually  wins  the  competition 
and  collects  the  stroke. 


CONCLUSIONS 


Since  installation  of  the  lightning  protec¬ 
tion  system  described  in  this  paper,  Mississippi 
Power  &  Light  has  not  experienced  a  lightning  re¬ 
lated  fiber  optic  outage  for  the  past  two  years. 

It  seems  evident  that  a  properly  deployed  SBI 
(or  SBI’s)  can  provide  the  required  protection  fur 
OPGW  lines.  At  the  very  least,  it  will  signifi¬ 
cantly  reduce  the  probability  of  damage.  The  ex¬ 
act  impact  is  a  function  of  installation  parame¬ 
ters,  e.g.,  number  of  SBI's  or  their  distance 
apart.  Figure  5,  presents  an  example  which  illus¬ 
trates  the  impact  of  implementing  the  system  on  a 
transmission  line  where  the  spans  are  approximate¬ 
ly  600  feet  in  length. 

Using  a  conservative  estimate  for  the  radius 
of  the  SB(  collective  mode  sphere  of  influence  and 
a  conventional  transmission  line,  these  data  indi¬ 
cate  that  at  least  500  feet  of  typical  600  foot 
span  length  would  be  protected  by  the  use  of  one 
module  installed  in  the  center  of  each  supporting 
structure.  This  indicates  that  less  than  100  feet 
of  that  span  would  be  exposed  to  a  damaging  strike 
if  the  withstanding  limit  of  the  static  line  was 
600,000  amperes.  Strokes  significantly  above  that 
level  would  also  be  collected  because  of  their 
extended  strike  zones,  leaving  less  exposure  to 
those  strokes. 

It  is  interesting  to  note  that  the  Grand 
Gulf  Nuclear  Plant,  which  is  served  by  this  fiber 
optic  route,  had  previously  experienced  lightning 
related  outages.  There  has  not  been  a  lightning 
related  outage  at  the  plant  since  the  installation 
of  a  Dissipation  Array*'  System  two  years  ago. 
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ABSTRACT 


A  nonlinear  dynamic  finite  element  model  has  been  developed  to 
examine  mechanical  reliability  issues  for  optical  fiber  configurations 
in  splice  tray  organizers.  \^ibration  testing  of  splice  closure 
assemblies  is  typically  conducted  at  high  frequencies  and  low 
acceleration  levels.  However,  it  was  found  in  a  previous  study  that 
splice  closures  can  experience  large  inertial  loads  at  low  frequencies 
(0.5  -  5  Hz)  when  deployed  in  the  aerial  plant.  The  finite  element 
model  was  verified  by  comparing  computed  and  experimentally 
obtained  mode  shapes  at  high  frequencies.  The  model  was  then 
used  to  analyze  optical  fiber  structures  found  in  several  commonly 
used  splice  closure  assemblies  when  exposed  to  low-frequency,  high 
acceleration  excitation-s.  The  examined  fibers  were  proven  to  be 
sufficiently  robust  to  prevent  any  mechanical  fiber  failures. 
However,  in  some  splice  tray  organizers  large  displacement 
excursions  occur  and  could  be  a  source  of  some  handling  dilficultics 
if  excess  fiber  becomes  tangled  and  interiwined. 

1.  Introduction 

The  dynamic  environment  experienced  by  the  aerial  plant 
represents  one  of  the  most  stringent  scenarios  for  imparting  high 
inertial  load.s  and  mechanical  stress  to  fiber  optic  cables.  In  a 
previous  paper  the  dynamic  characteristics  of  aerial  fiber 
optica]  cables  (FOC)  were  evaluated  for  a  number  of  di/Tereiit 
conditions  capable  of  inducing  periodic  motions  of  tlie  aerial  plant. 
An  ice-covered  strand/FOC  configuration  was  considered  for  wind 
galloping  in  a  steady  61  IvATH  (10  MPH)  crosswind.  Another 
plausible  scenario  involved  the  breaking  of  a  support  pole  6  feet 
above  the  ground  as  a  result  of  vehicular  impact. 

It  was  determined  from  thc.so  analyses  that  the  pole  removal 
scenario  ijnposcs  the  mo.sf  .severe  acceleration  levels  on  .splice 
clo.sures  attached  to  the  support  strand.  A  peak  acceleration  of 
13g  is  immediately  realized  just  as  the  severed  pole  intpacts  the 
ground.  This  acceleration,  as  shown  in  Fig.  1,  is  lieavily  damped, 
reacliing  insignificant  levels  after  about  20  .seconds.  A  spectral 
analy.sis  of  ihi.s  acceleration  is  given  in  Fig.  2.  The  dominant, 
frequency  is  0.8  Hz  with  a  .signilicant  component  at  2.5  Hz. 

An  i.s.sne  not  addres.sed  in  these  aoaly.ses  is  the  fate  of  tlie  optical 
fibers  contained  in  aerial  splice  closures  wlmre  the  fibers  are 
arranged  in  splice  tray  org.inizers.  It  is  important  to  examine  the 
effect  of  clynamio  inertial  loads  arising  from  the  aforcmnnitioned 
di.sturbancc  on  the  meciianical  integrity  of  tlicse  fibers. 

A  typical  vibration  tost  .specification  j2]  imposes  a  steady  state 
vibration  in  the  frecjuency  range  lO-.'j-S  Hz  with  an  amplitude  of 
0.077  cm  {0.03  in).  This  translates  into  :\  maxiinnm  acceleration  of 
n.3g  at  tl»e  maximum  frequency  of  55  Hz.  In  tlie  aerial  plant, 
how'ever,  higher  accelerations  at  lower  frequencies  ran  be 
encountered.  Low  frequency,  high  accchration  testing  entails  large 


amplitude  displacements  and  can  be  cumbersome  and  costly. 
Consequently,  a  dynamic  optical  fiber  finite  element  program  was 
developed  to  analyze  the  response  of  optical  fiber  configurations  in 
typical  splice  trays.  The  program  accounts  for  the  nonlinear 
behavior  associated  with  large  displacements  and  the  restricted 
movement  of  the  fibers  within  the  dimensional  constraints  of  the 
splice  tray  organizers. 

Mock-ups  of  the  splice  tray  organizers  used  in  the  analysis  were 
constructed,  fiber  was  installed,  and  the  assemblies  were  subjected 
to  vibration  over  the  range  10-60  Hz.  However,  by  using  an 

amplitude  of  0.19  cm  (0.075  in),  accelerations  up  to  27g  were 

obtained.  The  13g  peak  acceleration  cited  above  was  obtained  at 
a  frequency  of  42  Hz.  Both  high-speed  stop-action  photographs 

and  time  exposures  were  taken  at  several  frequencies 

(accelerations). 

In  this  presentation  a  description  of  the  finite  element  model  is 
given  in  Section  2.  In  Section  3.  the  optical  fiber  structures  found 
in  splice  tray  organizers  and  the  idealization  of  these  geometries  to 
the  finite  element  model  are  presented  The  results  of  computer 
simulations  at  27g  and  60  Hz  are  comj)ared  with  photographs  of 
actual  vibration  tests  in  Section  4.  Section  5  contains  the  results 
of  computing  the  stale  of  stress  of  optical  fiber  configurations 
contained  in  splice  tray  organizers  when  subjected  to  the  high 
accelerations  at  low  frequency  that  can  arise  in  the  aerial  plant. 
Vibrational  mode  ^hapes,  swept  areas,  and  maximum  tensile  stress 
histories  are  presented  for  several  fiber  configurations.  Finally, 
Section  6  includes  a  summary  and  conclusions. 

2.  Finite  Element  Model 

The  optical  fiber  configuration  is  considered  an  elaslica  with  small 
deformations  and  large  displacements.  Initial  optical  fiber 
configurations  wilh  curvature  are  constructed  by  a  series  of 
straight  beam  elenieut.s  oriented  end-to-end  approximating  the 
curve. 
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fl*  2:  SPfCTRAl  WSTHIBUTIW  OF  VtRTKAl  ACOIOWTION  FOP.  PAE  BOWVAt  =  i  -  ^x  -  /(l^  -  X^ )"  -f  2{x  -  X^)V(j*fi  “  ■ 


A  single  beam  element,  Fig.  3,  is  Lwo-dimensiona!  having  2  nodes, 
one  at  each  end,  and  3  degrees  of  freedom  per  node  -  an  axial 
extension,  a  transverse  deflection  and  a  rotation.  The 
corresponding  nodal  forces  are  an  axial  force,  a  bending  moment 
and  a  shear  force.  The  expression  for  the  total  energy,  T,  of  the 
beam  element  is 

^  ~  I  '  [^V^j  ~f'  +  +  C  +  U'M>  +  ^1^1 

+  p  ii  u  +  p  U)  u;  —  /,u  -  /,  till  <f.c  (2.1) 


-  Pa«a  -  Kt  «>A  -  Ma  <t>A  -  Pb’<b  -  VffU'ff  -  Me  4>b. 

where  a  dot  over  a  variable  indicates  partial  differentiation  with 
respect  to  time  and 


^^(x)  =  1  -  2(xb  -  xf/{xB  -  x,^f  +  2(j,,  -  i)V(-o  -  ^A? 

03(i)  =  (z  -  XJ^)  -  2(i  -  X^f/[XB  -  Z.t)  +  (z  -  I,.f/(XB  -  z^y- 
i'M  =  -  (zp  -  z)  +  2(xb  -  x)-/{xb  -  z^)  -  [xb  -  z)V(Zfl  -  x,^f  . 

The  ^i{x)  polynomials  represent  beam  deflection  curves  when  each 
of  the  nodes  is  displaced  or  rotated  indepcnclenily  a  unit  amount  in 
a  positive  sense.  Sub.stituiing  (2.2)  and  (2.3)  into  (2.1)  and 
integrating  produces  an  expression  relating  tlie  total  energy  in  the 
beam  element  to  the  six  unknown  nodal  displacements,  i.e., 
UJ^,  uq,  wa,  wq,  and  (i>Q.  For  equilibrium,  the  total  energy  f  is 
a  stationary  function:  therefore,  tlie  partial  derivatives  with 

respect  to  the  nodal  displacements  must  vanish,  i.e..  —  =*  t — 

du^  Oug 

dv  dv  ar  ar  n  n  r  •  ’ 

owj^^  du's  o4>a 

produces  six  equations  for  determination  of  ‘he  six  unknown  nodal 
displacements.  These  six  equations  in  matrix  notation  become: 


w(x) 

tl(z) 

<t>{x) 

El 

AE 

C 

P 

!. 

f, 

Wa,  VI b 
Va,  Vg 
't’A,  'l>B 

Ka,  Kb 
Pa.  Pb 
Ma,  Mb 


transverse  deflection 

axial  displacement 

angular  rotation 

beam  bending  stiffness 

axial  stiffness 

damping  coefficient 

mass  per  unit  length 

external  axial  load  per  unit  length 

external  transverse  load  per  unit  length 

transverse  deflection  at  node  points  A  and  B 

axial  displacement  at  node  points  A  and  B 

angular  rotation  at  node  points  A  and  B, 

shear  force  at  node  points  A  and  B 

axial  force  at  node  points  .4  and  B 

bending  moment  at  node  points  A  and  B 


To  perform  the  integration  of  (2.1),  i/(x)  and  u’(x)  are  represented 
by  algebraic  polynomials  in  the  x-coordinate.  These  special 
polynomials,  called  shape  functions  |3,  4|,  have  the  unique 
distinction  that  the  nodal  displacements  appear  as  coefficients. 
The  shape  function  for  the  axial  displacement  is  simple; 

u(x)  =  {xb  -  x)/{xb  -  ^a)  +  «£  (x  -  X,^)/{XB  -  x^)  .  (2.2) 

On  the  other  hand,  the  shape  function  for  the  transverse  deflection 
is: 

Ul(z)  =  Wa  V>,(z)  +  VJb  02(z)  +  <1>A  03(z)  +  .Jg  V.(z)  ,  (2.3) 


[.1/,]  [iv]+  [cv]  [«,]+  [a',]  [«,]=  [a,]  4  [p,]  (2.1) 

where: 

[xf]  =  [  «A.  V’a,  i'A-  "ZJ.  V'B.  lig  j 

is  the  nodal  displacement  vector  in  local  coordinates,  the 
superscript  T  indicates  tlie  transpose  of  the  vector  obtained  by 
exchanging  rows  and  columns. 

■\F 

0  0  0  0 

12EI  eg/  _  12  £7  Gg/ 
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6g/  2El  _6^ 

L"  A  A-  A 

is  the  stiffness  matrix  in  the  local  coordinate  system,  A  =  zp  —  z, 
is  the  length  of  the  beam  element, 
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the 
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|C/j  =  a  0  is  the  Rayleigh  damping  matrix  |3]. 

[f,]  =  [  A  L/2,  f,  L/2,  !,  LVi2,  a  F/i.  A  F/l.  -f,  L^/li 


and 


and 


P,]  = 


V.,  AA,  P. 


Lh 


7 

( 


are  the  applied  force  and  the  nodal  reaccJon  force  vectors  in  local 
coordinates,  respectively. 

In  addition,  for  thin  structures  with  bending  stiffness  very  small 
compared  with  axial  stiffness,  such  as  cables  and  thin  beams,  which 
obviously  include  the  optical  fibers  considered  here,  stress  stiffening 
must  be  taken  into  account  [5],  Stres,s  stiffening,  also  known  as 
geometric  stiffening,  is  the  stiffening  (or  weakening)  of  a  structure 
due  to  its  stress  state.  This  is  effected  in  the  model  by  constructing 
an  additional  stiffness  matrix,  /v’J  called  the  "stress  stiffness 
matrix".  This  matrix  in  local  coordinates  for  the  beam  element 
considered  assumes  th“  form  [5]: 
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where  T  is  the  axial  load  on  the  element  obtained  from  tlie 
previous  iterative  cycle. 

This  stifTneSvS  matrix  is  added  to  the  previously  determined  matrix. 

It  should  be  understood,  that  hereafter,  reference  to  the 

stifTnes  matrix  includes  '  [^^^1 

7'his  is  the  matrix  referenced  in  equation  (2.'<). 

The  beam  element  matrix  equation  (2.1)  is  valid  for  the  local 
coordinate  system,  i.e.,  a  coordinate  system  fixed  to  the  beam  as 
depicted  in  Fig.  3,  However,  when  forming  geometric  shapes  using 
many  beam  elements  at  varying  orientations,  all  nodal 
displacements  and  forces  are  referenced  to  a  fi.vd  comnion 
ccwrdinate  system  known  as  the  global  coordinate  system.  The 
global  displacements  and  force.s  are  derived  from  the  Irral 
quantities  through  the  direction  cosine  matrix: 


=  > 


hM' 


where: 


X  = 


—Ji 


0  0 


_  Ai.  ^  0 

L  L 


0  1 
0  0 


0 

Ax 
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0  0 

0  0 
0  0 


0  0  ^  0 
0  0  0  0  1 


is  the  direction  cosine  matrix,  Ar  and  Ay  are  the  difference  in  the 
global  X  and  y  coordinates  of  the  beam  element  node  points, 
respectively,  | is  the  global  displacement  matrix.  i>  the 

global  reaction  force  matrix,  and  is  the  global  applied  load 

matrix. 

The  matrix  equation  of  motion  for  the  beam  element  in  the  global 
coordinate  system  is  reached  through  use  of  the  transformation  of 
the  mass,  stiffness  and  damping  matrices  [4]: 


I<t]  [x 


and 


H-H'  MW.N=H 

!c,|=  !<-,]  1.]. 

consequently,  Equation  (2.4)  is  written  as: 

[a/J  [iij+  [cj  [n)+  [a'J  [uJ=  [f,]+  [p,] 


(2.5) 


The  reaction  forces  at  internal  nodes  cancel  when  asseniblying  an 
entire  structure  comprised  of  many  elements  and  therefore  the 
matrix  equation  of  motion  for  the  whole  structure  is; 

[Af)[.,l+[c)[u)+[A][v]=[r],  (2.6) 

where  |A/j,  |c’j,  |A'j  are  the  mass,  damping  and  stiffness  matrices, 
respecliveiy,  of\he  whole  structure  in  global  coordinates.  lu;  is  the 
nodal  dispJacemtmL  matrix  of  the  whole  structure  in  global 
coordinates  and  \F\  is  the  applied  load  per  unit  length  in  global 
coordinates. 

A  non-lincar  transient  dy  lamic  analysis  technique  numerically 
integrates  (2.6)  starting  wdh  a  known  initial  state  at  /  =  0 
Equation  (2.6)  is  converted  from  the  general  form  to  that 
specialized  at  lime 

[A/)H.[r][,].[A-][u.]=[A-(o].  (2.7) 

The  acceleration  |u„j  and  velocity  |i4,j  are  approximated  by  finite 

difference  equations  derived  fron.  a  consideration  of  Lagrange's 
interpolation  formula  [0  : 

t 

I 


I”"! = (-  ["“1 ' [’'"-I  ^  ■'  [""-J  ■  ■ 
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where: 

=  displacement  at  time  step  t  =  and 
—  tn-\,  a  constant  time  step. 


Substituting  equations  (2.8)  into  (2.7)  produces: 


[*M;  H)  I--'] 


(A()= 


t  H  "  afe  lil  l■-l  *  ['’'■'I 


{Atf 


(2.9) 


This  results  in  an  implicit  time  integration  procedure.  At  each 
point  in  time,  the  unknown  is  calculated  using  an  efficient 

Gauss  elimination  routine. 

Equation  (2.9)  can  be  used  whenever  the  displacement:  are  small. 
However,  when  displacements  are  large,  such  that  the  geometric 
shape  of  the  structure  changes  considerably  from  one  iteration 
cycle  to  the  next,  it  is  necessary  to  compute  incremental 
displacements.  At  each  cycle,  the  global  mass,  damping  and 
stiffness  matrices  are  re-evaluated  to  reflect  the  altered  geometry. 
This  results  in  the  following  dynamic*  equation  for  handling 
geometric  non-linearities; 


^n-ij  [^]  ~ 

[f{U)\-  [5( 


(2.10) 


vhere 


[c'n-i]  and  arc  the  mass,  damping  and 

stiffness  matrices,  respectively  in  the  global  system  established  from 
the  geometric  properties  of  the  structure  at  the  previous  iteration. 

I'S’  (/„_[)j  =  |A',j  matrix  of  the  total  internal  nodal 

resisting  forces  and  bending  moments  at  the  previou.s  iteration  and 
—  “b-iJ  i^  incronienlal  change  in  displacement 
from  the  previous  iteration.  The  difference  equation  for 
numerically  determining  similar  to  (2.9)  with  obvious 

niodjtication. 


I'or  the  optical  liber  configurations  addressed,  an  additional  non¬ 
linearity  presents  itself.  This  coix’erris  i|ie  restricted  movenieiil  of 
the  optica!  fiber  within  the  liniu-  dimensional  constraints  of  the 
splice  tray  organizers.  This  finite  elenuiU  program  contains  logic, 
not  generally  found  in  many  programs  of  this  nature,  that  checks 
the  location  of  each  node  point  every  cycle  for  contact  with  the 
sides  of  the  organizer.  When  contact  is  indicated,  the  affecied  node 
or  nodes  are  fixed  to  the  l)onndary.  At  that  time.  siihse(|nent 
iteration  cycles  involve.  In  general,  two  iterations  per  time  cycle. 
The  first  iteratif)n  is  perform'‘d  to  clieck  the  status  of  llie  iiorfes  in 
contact  with  the  hoiii.  lary.  Tiii.s  c.\lculation  is  carried  out 
as-uining  the  atfected  node  or  nodes  are  free.  If  this  er)mpiil  at  ion 
itidicate.s  continued  boutidary  ititru.sion,  the  cycle  is  repeated  with 
the  nodes  fixed  to  the  boundary,  otherwise,  tlie  results  of  the 
iterative  ryile  are  accepted. 


3.  Optical  Fiber  Geometries  in  Splice  Tray  Organisers 

Three  splice  tray  organizers  are  considered  in  this  paper. 
Schematics  are  given  in  Fig.  4.  The  splice  tray  organizer  designated 
as  A  permits  the  fibers  to  assume  a  snugly  fitted  oval  in 
compartments  that  are  approximately  7.7  cm  x  16  cm  (3  in  x  6.25 
in)  on  either  side  of  the  splice  holder.  Splice  tray  organizers  B  and 
C  are  similar  in  shape  and  function  but  differ  in  size.  Splice  tray  B 
has  an  overall  dimension  of  approximately  13  cm  x  30  cm  (5.2  in  x 
12  in)  and  a  splice  holder  dimension  of  approximately  3.8  cm  x  11.5 
cm  (1.5  in  x  4.5  in).  Splice  tray  C  is  approximately  15.4  cm  x  35.9 
cm  (6  in  x  14  in)  in  overall  dimension  and  has  a  splice  holder 
approximately  6.4  cm  x  25.6  cm  (2  5  in  x  10  in).  Unlike  splice  tray 
A,  the  fibers  in  trays  B  and  C  enter  from  the  same  side  and  are 
joined  after  making  at  least  one  complete  loop  around  the  splice 
holder.  This  configuration  resembles  a  "race  track"  oval. 


The  worst  case  orientation,  as  far  as  inducing  mechanical  stress,  is 
when  the  fiber  is  loaded  in  the  plane  of  the  loop.  Therefore,  it  is 
assumed  that  the  dynamic  loads  are  applied  in  the  plane  of  the 
fiber  loops,  that  the  splice  tray  is  rigid,  i.e.,  there  is  no  dynamic 
coupling  between  the  fibers  and  tray,  and  the  sides  of  the  tray  are 
smooth.  In  general,  there  will  be  many  fiber  loops  to  provide 
sufficient  slack  for  maintenance  and  restoration.  A  minimum  of  60 
cm  (23.6  in)  of  slack  is  required  12].  However,  the  mechanical 
response  of  the  fibers  in  the  organizer  is  assessed  by  analyzing  a 
single  fiber  loop.  It  is  therefore  tacitly  assumed  that  there  is 
minimal  interaction  between  the  fiber  loops  and  that  each  loop 
experiences  the  stress  state  of  the  single  fiber  loop  modeled.  In 
addition,  the  details  of  the  actual  splice  (fusion  or  mechanical)  and 
holder  assembly  are  not  considered. 


riBO  SKict  nmoca 
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4.  Experimental  Verification 

The  finite  element  mode!  was  verified  by  constructing  mock-ups  of 
the  splice  tray  organizers,  adding  fiber  Uk:)ps,  and  testing  them  on  a 
laboratory  vibration  table.  Frequencies  from  10  to  60  Hz  were 
used;  a  peak-to-peak  displacement  of  0.38  cm  (0.15  in)  resulte<l  in  a 
maxinuim  acceleration  of  27g  at  60  Hz.  The  13g  acceleration 
generated  by  support  pole  impact  was  obtained  at  42  Hz. 

The  motions  of  the  fibers  in  the  different  splice  tray  organizer 
mock-ups  were  recorded  <m  videotape  for  comparison  to  (lie 
computer  simulations  at  both  full-speed  and  slow-spoed  playback. 
Still  photographs  were  taken  at  shutter  speeds  up  ;  ’/2000  sec  to 

"freeze"  the  fiber  motions  an<l  allow  direct  r(>mi)arisons  to  the 
computer-generated  mode  sha[)es.  Figuces  5(a)  and  (b)  slunv  the 
deflection  of  the  fiber  at  ‘J7g  (60  Hz)  m  the  mock-up  of  the  splice 
tray  organizer  A;  the  distorto<l  curves  in  the  fiber  at  the  left  and 
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right  sides  of  the  picture  (a)  agree  with  the  shapes  predicted  by  the 
computer  analysis  (b).  Figures  5(c)  and  (d)  also  show  the  more 
complex  modes  obtained  in  splice  tray  organizer  C.  In  the 
photograph  (c)  the  curve  at  the  left  end  of  the  fiber  is  distorted, 
the  fiber  no  longer  makes  continuous  contact  with  the  long  sides  of 
the  tray,  and  the  fiber  crosses  over  itself  twice  at  the  lop  of  the 
picture.  All  of  these  deformations,  however,  are  consistent  with  the 
computer  predictions  as  shown  in  the  plot  (d)  from  the  analysis  of 
the  27g,  60  Hz  conditions. 
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fig.  S  ;  THEORETICAL  AND  EXPERirCNTAL  MOOES 
IM  splice  TRAY  ORGANISRS  (A)  AND  (C) 

The  consistent  agreement  between  the  computer  plots  and  the 
photographs  for  all  three  splice  tray  organizers  over  a  range  of 
accelerations  demonstrate  the  validity  of  the  computer  model.  It 
can  thus  be  used  with  confidence  to  predict  fiber  responses  under 
conditions  outside  the  range  of  laboratory  experiments. 

6.  Dynamics  of  Aerial  Optical  Fibers 

Computer  simulations  of  the  splice  (ray  organizer  configurations 
.shown  in  Fig.  4  were  conducted  by  approximating  the  input 
acceleration  of  Fig.  1  by  a  damped  sinusoid  with  a  maximum 
acceleration  of  1"  -  and  fr-'^u  r.,  j  0.8  11/.: 

A(t)  =  1.3  Exp  (-0  I35t)  Sin  (5.026t). 

Vibration  mode  shapes  of  the  optical  fiber  loops  in  all  three  splice 
trays  arc  shown  in  Figure  6.  The  dashed  figure  in  each  frame 
depicts  the  original  fiber  position.  The  total  area  .swept  by  thc 
vibr.'iting  fiber  loop  is  .an  interesting  feature  useful  for  correlating 
exp-rimental  data  and  assessing  clearance  issues.  These  areas  arc 
plotted  in  Fig.  7.  Only  a  small  fraction  of  the  open  area  is  ever 
occupied  by  the  fiber  in  the  case  of  splice  tr.ay  organizer  while 
the  opposite  is  true  fi>r  both  the  H  and  C*  fiber  .arr.angements.  The 
maximum  computed  tensile  stre.sses  realized  iluring  the  vibration 
are  presented  in  big.  H.  The  inaxiinum  tensile  stres,s  is  lowest  -  less 
than  30  ksi  -  for  fiber  arrangement  .A;  for  both  D  and  C  it  does  not 
exceed  .50  ksi.  These  stress  levels  do  not  exceed  the  fiber  proof 
stress  and  therefore  are  not  expected  to  produce  either 
instantaneous  or  future  fiber  failures. 
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6.  Summary  and  Conclusions 

The  dynamic  response  of  aerial  optical  fiber  configurations  located 
in  optical  splice  organizers  has  been  explored  using  a  recently 
developed  nonlinear  finite  element  computer  program.  The 
accuracy  of  the  model  was  verified  by  comparing  vibration  mode 
shapes  produced  with  actual  vibration  experiments. 

Reference  2  stipulates  vibration  tests  at  frequencies  10-55  Hz  at 
relatively  low  acceleration  levels  -  0.3g  at  10  Hz.  2.7g  at  30  Hz  and 
9.3g  at  55  Hz.  However,  when  splice  enclosures  are  deployed  in  the 
aerial  plant,  higher  acceleration.^  at  lower  frequencies  can  be 
encountered.  Peak  accelerations  as  high  as  13g  at  0.8  Hz  can  be 
achieved  when  a  support  pole  is  suddenly  removed  |lj. 

In  this  paper,  numerical  experiments  have  been  conducted  to 
investigate  the  mechanical  reliability  of  optical  fibers  arranged  in 
optical  splice  organizers  when  exposed  to  aerial  plant  conditions 
calculated  in  |ll.  Fiber  optic  loop  arrangements  germane  to  several 
popular  vendor  products  form  the  basis  for  exploring  the  potential 
susceptibility  to  the  aerial  plant  dynamic  excitations.  Each  of  the 
fiber  configurations  given  in  Fig.  4  was  exposed  to  a  damped 
sinusoidal  acceleration  -  13g  at  0.8  Hz.  This  worst  case  loading  is 
characteristic  of  an  aerial  plant  scenario  associated  with  sudden 
support  pole  removal. 

V'ibrational  mode  shapes,  total  swept  areas,  and  maximum  tensile 
stress  histories  are  presented  for  all  the  optical  fiber  configurations 
examined.  It  determined  that  the  optical  fiber  configurations 
considered  are  sufficiently  robust  to  withstand  the  rigors  of  the 
dynamic  load  imposed. 

The  optical  fibers  in  splice  tray  organizers  type  B  and  C  respond 
vigorously  to  this  low  frequency  excitation  as  witnessed  by  the 
large  swept  area  covered  by  the  vibrating  fiber.  These  large 
displacement  excursions  do  not,  however,  produce  high  tensile  stress 
in  a  single  fiber  loop.  But.  when  many  fiber  loop.s  are  present,  large 
displacement  excursions  can  give  more  opportunity  for  (he  fibers  to 
become  tangled  and  intertwined. 

It  should  also  be  noted  that  some  fiber  samples  w'ere  subjected  to 
more  than  10.000  cycles  at  27g  during  the  vibration  tests  and  that 
no  failures  or  visible  damage  occurred. 
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ABSTRACT  : 


This  paper  describes  a  new  Fiber  Optic  Cable 
Assembly  developed  for  the  Olympic  Winter  Games 
Ski  Races. 

It  has  been  developed  using  the  technology  of  Fiber 
Optic  Tactical  Cables  with  some  changes  due  to 
specific  conditions.  Characteristics  and  results  of 
preliminary  tests  in  Winter  conditions  are  described. 


INTRODUCTION 


The  recording  of  the  ski  contests  during  the  next 
Olympic  Winter  Games  in  Albertville  has  created  the 
need  to  develop  optical  fiber  cables  which  are  used 
between  an  intermediate  node  point  and  the  main 
digital  video  switchers  located  at  the  level  of  the 
arrival  line.  Videosignals  are  digitalized  and 
transmitted  over  liriks  which  are  about  2000  meters 
long. 

FUNCTIONAL  REQUIREMENTS  FOR  CABLES 


The  optical  cables  must  be  ouickly  and  easily 
deployable  along  ski  runs  under  normal  environmental 
conditions  of  mountains  in  winter  (ice,  snow,  low 
temperature,...). 

Connectorization  must  also  be  simple  and  reliable 
under  the  same  conditions. 


-  to  use  a  loose  structure,  in  our  case  a  four  groove 
slotted  core  structure. 


-  to  use  multimode  fibers  which  are  sufficient 
considering  the  reouired  transmission  parameters  and 
offer  advantages  for  an  easy  connection. 

-  to  use  an  hermaphroditic  expanded  beam  interface 
connector,  which  is  field  proven  for  military  tactical 
conditions,  has  been  extensively  studied  in  particular 
considering  ergonomics  aspects,  satisfies  the 
different  reouirements  and  is  fitted  to  the  cable 
structure. 


The  initial  structure  of  the  cable  presented  last  year 
is  shown  in  Figure  I .  Its  main  characteristics  are  : 


Nominal  outer  diameter  7  mm 

Nominal  weight  3Skg/km 

Nominal  thickness  of  sheath  0.8  mm 
Maximum  tensile  load  220  daN 

(corresponding  to  an  elongation  <  I.S'/oo) 
Crush  resistance  40  daN/cm 

Minimum  bending  radius 

Static  100  mm 

Dynamic  I  50  mm 


Temperature  range  -  40  to  +  70  °C 

with  less  than  0.2  dB  attenuation  increase  for 
850  and  1300  nm  multimode  fibres. 


These  conditions  are  by  many  aspects  similar  to  those 
of  military  tactical  links.  Specificities  are  due  to  the 
fact  that  the  cable  is  normally  laying  in  ice  or  snow 
and  conseouently  the  operating  temperature  is  in  the 
low  range.  All  the  tests  of  winding,  unwinding, 
connecting  and  disconnecting  must  also  consider  this 
low  temperature  range  and  the  presence  of  ice,  snow 
and  humidity.  There  is  no  need  of  metal  free  cable 
and  the  outer  sheath  must  withstand  agressions  by  ski 
edges. 

CABLE  DESIGN 


We  have  reported  last  year  the  design  of  tactical 
Fibre  Optic  Cable  Assemblies  for  Military 
Applications  (I).  We  have  used  the  same  basic 
principles  and  technologies  to  develop  this  new  cable 
i.e.  : 


Figure  I 
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A  new  version  of  this  cable  with  a  reduced  diameter 
of  6  mm  has  been  developed.  It  enables  to  deliver 
lengths  of  1000  m  instead  of  600  or  800  m  on  the 
standard  size  drums.  Its  main  characteristics  are  : 


Nominal  outer  diameter 

Nominal  weight 

Nominal  thickness  of  sheath 

Maximum  tensile  load 

Crush  resistance 

Minimum  static  bending  radius 

Temperature  range 


6  mm 
30  kg/km 
0.8  mm 
700  daN 
30  daN/cm 
80  mm 
-40to+70  °C 


For  the  development  of  the  new  cable  its  was  not 
necessary  to  keep  the  dielectric  central  strength 
member. 

Consequently  we  have  used  a  stainless  steel  rope 
which  offers  better  flexibility  and  tensile 
performance.  We  have  selected  as  basic  structure  the 
first  version  presented  here.  By  using  the  steel  rope, 
we  have  found  experimentally  that  the  tensile  load  is 
increased  to  350  daN  compared  to  220  daN  for  the 
FRP  strength  member  under  the  same  conditions. 


It  must  be  noted  that  in  the  case  of  a  lower  required 
maximum  tensile  load,  the  version  two  should  be  used 
with  the  advantage  of  a  lower  weight  and  dimensions. 

PRACTICAL  RESULTS  : 

Several  lengths  of  cable  have  been  realized  for 
preliminary  tests  and  ‘ield  experiments, 
incorporating  four  50/125  Fibers. 

The  figure  2  shows  the  comparison  between  the 
different  cables  :  this  new  cable  is  shown  in  the 
middle  between  the  first  version  of  the  tactical  cable 
(on  the  right)  and  the  second  version,  reduced  size  of 
tactical  cable  (on  the  left).  For  these  three  cables  a 
fire  retardant  sheath  is  used. 

Considering  the  specific  application,  bandwidth  of 
the  fibres  has  been  measured  at  I  300  and  I  550  nm. 
These  results  are  summarized  in  the  following  table. 


FIBER  N’ 

HA.SDWIDTH  FOR 

\T  1.300m 

L  s  2  km  tin  MHil 

AT  ISSOm 

1 

>  1000 

604 

Lent<h  N"  1 

•  1000 

55} 

P  1000 

575 

'  11)00 

545 

1 

s><6 

>88 

Length  N'  2 

: 

•  1000 

500 

1 

>  1000 

428 

■* 

887 

360 

Figure  2 

Thermal  cycling  according  to  lEC  test  794-1 -FI  have 
shown  a  stability  similar  to  the  case  observed  for 
tactical  cable  :  less  than  0.2  dB  change  between  -  40 
and  +  70“C  for  multimode  fibers  at  850,  1300  and 
1 550  nm. 

The  lengths  of  cable  have  been  equipped  with 
hermaphroditic  4  channels  connectors  previously 
developed  for  tactical  cables  (I)  (see  figure  3). 


1  Guiamg  pin 
2Taciile  indexes 
3i-ocXing  ring 
4o  seal 
SOiass  iinaou 


GOpucai  poinis 
7  Plug  Doa\ 
SCable  reienrior. 
9  Ring 

lOSvrain  reiie,' 


Figure  3 


The  table  below  summarizes  the  characteristics  of 
the  connector  for  multimode  fibres. 
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TEST 

Connections 
Insertion  loss 
(0,85  and  1,3 /jm) 

Uniformity 


RESULTS 
li  channels 
<  3  dB 

in  the  whole  operating 
temperature  range 
+  -  0.2  dB 

Operating  temperature  range  -  <*0°C<T<  +  70°C 
Storage  temperature  range  -  <»0'’C<T<+  SS'C 
Mechanical  endurance  I  500  mating/unmating 

Vibrations  5-300  Hz-amplitude  1.25  mm  p-p 

Mechanical  shocks  30  g  -  11  ms  -  2.06  m/s 

Shakes  1000  -  25  g  -  6  ms 

Water  immersion  I  m  depth  (0.1  bar) 

Tensile  strength  220  daN 

Figure  shows  the  connector 


Figure  4 


Preliminary  experiments  have  been  done  by  installing 
these  lengths  of  cable  in  two  French  Winter  Stations 
Val  dTsere  and  Meribel.  Cables  have  been  left  during 
several  months  along  ski  runs  at  the  surface  or  under 
snow  depending  of  weather  conditions.  At  the  end  of 
winter  they  have  been  recovered  and  tested  in  view 
of  identifying  any  change  on  their  characteristics.  No 
significant  change  has  been  found  which  is  very 
satisfactory. 

As  a  conseauence,  similar  cables  are  now  in 
production  for  installation  before  the  next  Olympic 
Winter  Games  (February  1992  in  Albertville)  along 
the  ski  runs. 


They  will  be  used  with  terminal  eouipments  that  we 
have  developed  for  the  transmission  of  : 

-  Analog  video  signals  having  up  to  i  I  MHz  bandwidth 
(i.e.  PAL/SECAM/D2MAC/TMAC...) 

-  Audio  signals 

-  Data  signals 

-  Digital  video  signals  at  270  Mbits  (D1  standard) 

Different  kinds  of  multiplex  (both  digital  and 
optical)  are  used. 

CONCLUSION  :  We  have  shown  that  it  is  possible  to 
derive  from  military  tactical  optical  cables  other 
products  corresponding  to  different  applications. 
These  field  cables  that  can  be  used  for  a  lot  of 
applications  offer  attractive  solutions  due  to  their 
reduced  size  and  weight. 

It  has  been  shown  that  several  designs  are  available 
depending  on  the  specific  reouirements.  The 
availability  of  an  easy-handled  and  reliable  field 
connector,  adapted  to  the  cable,  is  a  key  issue  for  the 
development  of  such  applications. 
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ABSTRACT 


Recent  I :  a  unique  hybrid  cable  design  has  been 
proposed  by  some  cable  makers  to  meet  the  air 
flow  requirements  of  standard  telecommunications 
air  pressure  systems  and  provided  a  product 
meeting  the  specifications  of  required  optical 
cable. 

He  designed  and  developed  hybrid  optical  fiber 
cable  which  exhibits  good  optical,  mechanical 
and  pneumatic  resistance  of  less  than 
0.9  X  10  '*  (kg/cm  ’  )  ’  /  (g/min-m).  This  hybrid 
optical  cable  also  provides  extra  protection 
to  the  fiber  by  way  of  loose  tube-  gel  as  well 
as  longer  Maintenance  Section  Length  of  cable 
ma i ntenance . 


I.  INTRODUCTION 

Adoption  of  filled  tubes  in  air  core  cable 
provides  extra  protection  to  the  fibers  by  way 
of  the  tube  buffering  gel,  while  still  allowing 
dynamic  pressur i zat i on  and  free  air  movement 
through  the  core.  ' 

In  case  we  consider  the  cable  inner  side  as 
a  pipe,  the  meaning  of  pneumatic  resistance  is 
the  frictional  resistance  to  the  air  flow  and 
the  values  of  maintenance  section  length  (MSL) 
can  be  changed  according  to  this  pneumatic 
resistance.  Namely  the  less  the  pneumatic 
resistance,  the  longer  the  MSL  and  the  economical 
effect  would  be  increased  due  to  the  reduction 
of  expense  for  operating  and  supervising  the 
line  fault  equ i pment . 

Furthermore  when  the  gas  leakage  occurs  from  a 
defective  point  of  cable  sheath,  easier  detecting 
makes  it  possible  to  repair  rapidly.  Accordingly, 
air  pressurized  cable  should  be  designed  to 
minimize  the  pneumatic  resistance.  And  in  view 
of  this  design  conception,  we  developed  air 
pressurized  cable  exhibiting  good  optical. 


mechan i ca I ,  env i r onmenta I  pr oper t i es ,  espec i a 1 1 y 
providing  minimum  pneumatic  resistance. 


2.  CABLE  DESIGN 

The  necessary  conditions  of  air  pressurized  cable 
include  small  frictional  resistance  for 
minimizing  disturbance  to  the  air  flow,  simple  and 
easy  maintenance  resulted  from  an  extension  of 
MSL,  good  optical,  mechanical  and  environmental 
properties  for  external  sever‘«  conditions,  easy 
handling  and  so  on. 

To  meet  these  several  requirements,  we  designed 
and  developed  the  air  pressurized  cable 
considering  the  following  points. 

(D  Pneumatic  resistance  must  be  minimized  by 
expanding  the  effective  cross  section  area  of 
cable  inside. 

d)  Cable  should  fully  endure  the  installation 
and  operation  condition. 

d)  Easy  handling,  small  diameter  and  light  weight. 

He  manufactured  2D  fibers  air  pressurized  optical 
fiber  cable  considering  the  conception  of  cable 
design  mentioned  above. 


2.1  Optical  Fiber  Structure 

Filled  loose  tube  with  6~7  fibers  are  stranded 
around  a  central  strength  member.  Fiber  parameter 
and  loose  tube  structure  are  shown  in  Table  1. 


2.2  Cable  Structure 

Newly  designed  air  pressurized  cable  has  a 
construction  as  Fig.  1.  In  order  to  increase  air 
flow  rate  through  the  cable  core,  we  adopted  a  air 
flow  path,  called  air  spacer  made  by  polyester 
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film  of  0.15mm  thickness.  This  polyester  tape  in 
trapezoid  shape  was  stranded  around  the  central 
strength  member  with  loose  tube  and  we  finally 
applied  laminated  aluminium  polyethylene  sheath 
over  this  stranded  cable  core.  ’ 

Through  the  adoption  of  air  spacer  instead  of  air 
pipe,  the  effective  cross  section  area  of  cable 
core  was  increased  from  21mffl  ’  to  37mm  '  and  the 
MSL  was  easily  expanded  because  the  pneumatic 
resistance  decreased  from  2.55  x  10  *  to 
0.9  X  10"  (kg/cm ')’ /(g/min-m).  Fig.  2  shows 
the  conventional  cable  structure  with  air  pipe. 


Table  1.  Fiber  Parameters  and  Loose  Tube  Structure 


Loose  Tube  - 

k  Jellj  Compound 
Copper  Conductor 

Air  Spice 

PFT  Tape 

Stien|th  Membw''^  _ Up  Sbe&Ui 

Fig  1  He¥ly  Developed  Type 


Uose  Tube 


Air  Pipe 


Vrapping  Tape 


Optical  fiber 
k  Jell;  Compound 

Copper  Conductor 
Strenith  Uember 

LAP  Sheatli 


Table  2  shows  the  cable  parameters  of  conventional 
and  newly  designed  cable. 


Table  2.  Cable  Parameters 


Items 

Conventional 

Newly 

Fiber  Number 

20  -  Fibers 

20  -  Fibers 

Out  Diameter 

Nom.  13  am 

Nom.  13  mm 

Cable  Height 

Approx. 150kg 

Approx. 140kg 

Al lowable 
Tens! le 
Strength 

260  kgf 

260  kgf 

3.  Characteristics  of  Optical  Fiber  Cable 

Newly  designed  cable  and  conventional  one  were 
tested  for  optical,  mechan i ca I ,  env i ronmenta I  and 
pneumatic  resistance  properties. 


3.1  Attenuation  Loss  in  Cable  Hanufacturing 

Fig. 3  shows  the  attenuation  loss  of  optical  fiber 
cable  measured  in  each  manufacturing  process.  The 
attenuation  loss  change  during  each  process  are 
less  than  0.02dB/ka  at  1.55;mi.  It  means  that  this 
type  of  cable  can  be  manufactured  easily  without 
attenuation  change  in  cable  manufacturing  process. 


Fig.  3  Allenualion  of  Manufacturing  Process 


3.2  Pneumatic  Resistance  Property 


The  following  equipment  was  prepared  to  evaluate 
Fig  2.  Conventional  Type  pneumatic  resistance  of  cable  and  Fig. 4  shows 

°  the  tost  seti4>. 
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(1)  Manometer  A,  B 

(2)  Dried  Air 

(3)  Regulator 

(4)  Flowmeter 

(5)  Hass  Cylinder 

Dry  air  gas  of  0.4  ~  0.7  fi /min  was  sufficiently 
injected  to  inner  side  of  cable  until  reaching 
the  point  of  air  pressure  equilibrium.  We  measured 
input  pressure  Pa,  output  pressure  Pb  ,  flow  rate 
Q  of  air  and  also  calculated  pneumatic  resistance 
"W"  according  to  the  following  equation.  ' 


H 


(Pa+Po)  '  -  (Pb+Po)  ’ 

Q.  L.  p 


Where 

H  :  Pneumatic  Resistance  (kg/cm’  )  ’ /(g/min-ra) 

Pa:  Input  Pressure  of  Air  (  kg/cm  '  ) 

Pb :  Output  Pressure  of  Air  (  kg/cra  '  ) 

Po :  Atmospher i c  Pressure  (  kg/cm  '  ) 

L  :  Cable  Length  (  m  ) 

Q  :  Air  Flow  Rate  (  cc/min  ) 

P  :  Air  Density  (  dry  air  =  1.21X10  '  g/cc  ) 

As  a  result,  we  got  improved  pneumatic  resistance 
of  less  than  0.9X10"  (kg/cm'  ) '  /(g/min-m),  being 
lower  than  about  one  third  of  that  of  conventional 
cable.  Table  3  shows  the  properties  for  pneumatic 
resistance  of  newly  designed  cable  and 
conventional  cable. 


Table  3.  Pneumatic  Resistance  Properties 


Type 

Items 

Conventional 

Type 

Newly 

Type 

Pneumatic  Resistance 
(kg/cm  ’  )  ^(g/min-m) 

2.55X10  " 

0.9X10  " 

Effective  Cross 
Section  Area  of  Air 

21  mm  ’ 

37  mm’ 

W(x  10'*) 


Fig.  5  Gas  Pneumatic  Resistance  of  Optical  Cable 
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3.4  Hectianical  and  Environaental  Properties 


3.3  Relationship  between  Pneumatic  Resistance 
and  HSL 

Newly  developed  cable  was  si4)ject  to  the 
Fig  5.  shows  the  relationship  between  pneumatic  mechanical  and  environmental  tests  as  shown  in 
resistance  and  HSL.  table  4. 

If  we  use  maintenance  system  which  can  Neither  added  loss  nor  break  was  observed  in 

detect  in  output  pressure  0.4  kg/citl  and  leakage  mechanical  test.  As  a  result  of  measuring  loss 

flow  rate  20  cc/min,  maintenance  sect  I'm  length  owing  to  temperature,  the  added  loss  was  observed 
HSL  shall  be  about  40  km.  to  be  less  than  0.02  dB/km  at  I.SSfmi  between  -40'C 

Therefore,  newly  designed  cable  makes  it  possible  and  '^O'C. 

to  carry  out  less  expensive  maintenance  as  As  a  result,  it  was  verified  that  this  cable  has 

a  result  from  expanding  HSL.  And  in  the  event  an  good  mechanical  and  environmental  properties, 

of  gas  leakage  caused  by  sheath  damage,  rapid 
settlements  for  longer  distance  can  be  made  in 
case  of  the  emergency  alarm. 

Table  4  Mechanical  and  Euvirouincnlal  Properlies 
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CONCLUSION 


He  have  developed  a  new  kind  of  hybrid  cable 
applingtape  spacer  technique  for  the  purpose 
of  improving  the  pneumatic  resistance  properties. 
This  cable  consist  of  loose  tube  fibersi  copper 
pair  and  polyester  tape  for  air  flow  path. 

This  cable  exhibited  good  optical,  mechanical, 
environmental  characteristics,  and  excellent 
pneumatic  resistance  properties  of  less  than 
0.9  X  10  '*  (kg/cm  ’  )  '  /  (g/min-m)  compared  with 
conventional  air  pressurized  cable. 

Now  this  type  of  cable  has  been  in  commercial 
service  in  some  areas  for  one  year. 
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CHROMATIC  DISPERSION  DEPENDENCE  FOR  STRESS 
AND  BENDINQ  LOSS  BY  PHASE  SHIFT  METHOD 

Y.T.KIM,  K.I.JUN,  Y.I.LEE 

TAIHAN  ELECTRIC  HIRE  CO. , LTD.  SEOUL  KOREA 


1.  APSTRA(;T 


3.  TliEORY  AND  EXPERIMENT 


Tills  paper  describes  the  dcpendsncs  of  chroinatic 
dispersion  fur  stress  and  banding  loss  in  single 
mode  Fiber  and  sitow  tlia  relation  between 
elongation  by  strain-optic  coefficient  and 
conventional  method  using  the  extension  meter. 
Also  thi'ough  the  relation  between  optical  loss 
and  elongation,  maximum  excess  length  that  does 
not  happen  loss  variation  can  bo  anticipated. 


2.  BACKQUOUNO 


Recoiitly  in  tha  world,  it  is  increased  to  request 
about  specification  of  1,3/on  and  1.55/an  chromatic 
dispersion.  Variation  of  chroniotic  dispersion  Is 
very  important  for  operation  of  system  and 
long-toriii  reliability  in  optical  fiber. 
Envircninental  stress  give  effect  to  fiber 
continuously  and  make  changes  of  the  index  profile 
and  length  due  to  tensile  stress  and  environmental 
teiiiporature  [2]  .  Also  the  Increasing  of  bending 
loss  ducrease  tho  life  time  In  tlia  optical  fiber 
and  effect  cliroinntic  dispersion  and  optical  loss. 
It  is  necessary  to  find  relation  between  stress 
and  bci;ding  loss  in  zoro  dispersion  wavelength. 

Through  tlio  method  to  measure  both  variation  of 
phssd  shift  and  optical  power  according  to 
tens  1 1 e  stress ,  it  can  allow  to  gat  physical 
length  of  Fiber  with  a  few  milimetor  resolution 
and  determine  the  excess  length  In  loose  tube 
[5]  .  This  papor  describe  the  effect  of  zeio 
dispersion  wavelength  and  optical  power  when 
stress  and  bending  apply  to  fiber  and  obtain  the 
relation  between  the  elongation  by  using  the 
strain-optic  coefficient  and  conventional  method. 


3.1  Chromatic  Dispersion 

The  difference  of  group  delay  In  adjacent 
wavelength  is  calculated  as  the  prescribed 
FOTP-169.  FOTP-169  prescribes  the  well-known  and 
wo 1 1 -tried  three-term  sellmeier  equation  which 
was  fitted  to  group  delay  data,  r  (A),  using 
least  mean-squares  fitting  technique  [3]  thus. 


r  (A  )  =  AA  '  +  BA  '  ►  C  . . (I) 


where  A,  B,  C  are  constants.  Die  chromatic 
dispersion  D(A)  is  obtained  by  differential 
fitting  equat ion  ( 1 ) 


D(A  )  =  2  (AA-  BA  ’  )  . (2) 

and  tha  zero  dispersion  wavelength  A  .  is  given 
by  A  „  =  (B/A)  'A  and  slope  of  zero  dispersion  at 
S.  Is 

S,  =  B  A  . (3) 


3.2  Strain 

Tho  conventional  strain  in  fiber  is  defined  as 
the  elongation  AL  per  unit  length  of  fiber 

AL 

E  = . . (4) 

L 


Hhere  E  is  strain,  L  is  the  tost  fiber  length 
undar  strain  and  AL  is  the  elongation  of  tho 
fiber. 
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To  doteriaine  the  strain  of  fiber,  it  should  be 
need  a  accurate  neasurenent  of  L  and  elongation 
AL.  ITeasureaent  of  strain  in  long  gauge  length 
is  perforned  by  neasuring  the  transit  tine  delay 
r  given  by 


N  •  L 


When  C  is  speed  of  light,  N  is  group  index  for 
fiber  naterial  and  waveguide  dispersion  which 
varies  between  fiber  core  center  refractive  Index 
and  cladding  refractive  index.  For  fiber  under 
load,  transit  time  is  changed 

At  =  (N‘  AL  +  L  -  AN)/C  . (6) 


Elongation  of  the  fiber  creates  an  increase  in 
transit  time.  However  the  stress  reduce  the  group 
index  and  creating  a  decrease  in  transit  tins 
which  is  counter  to  the  effect  trying  to  measure. 
To  compensate  for  the  decrease  in  group  index, 
correction  factor  should  be  used.  Equation  (6)  is 
re-written  : 


A  sinplified  schenatic  diagram  of  apparatus  is 
shown  in  Fig.  1  Selection  of  wavelength  is 
1250  ~  13S0na  and  1500  ~  leOOrwi  and  the 
repeatabi I ity  of  a  measurement  is  0.05nm  in  the 
wavelength  of  zero  dispersion. 


Fig.  1  Schematic  diagram  of  neasuring  equipment 


At  N  L  an 

- = - (1  +  —  •  - )  . (7) 

AL  C  N  AL 


Among  equation  (7),  AN  /  AL  is  re-written  by 
strain-optic  coefficient  where  PiJ  are  the 
strain-optic  tensor  components  and  v  is  poisson 
rat i o  1 1 ]  . 


AN  N  ' 

- =  -  [p^^  -^(P„+  P„  )} . (8) 

AL  2L 


the  term  in  bracket  represent  the  correction 
factor  when  taking  into  account  the  strain-optic 
effect.  Using  the  strain-optic  coefficients  for 
pure  silica,  the  numerical  value  for  the  tern 
in  bracket  turns  out  to  be  0.775,  the  equation 
nay  be  re-written  as  following 


At  ■  C 

AL  = - (1.29)  . (9) 

N 


4-  result 


Three  fiber  were  manufactured  by  Vapor  Phase  Axial 
Deposition  (VAD)  process  and  one  fiber  is  HCVD 
process.  Fiber  A  and  B  is  conventional  matched 
cladding  fiber  and  fiber  C  is  cutoff  shifted 
fiber  and  fiber  D  is  depressed  cladding  fiber. 


Table  :  Type  test  fiber 


Fiber 

Type 

Coating 

HFD/Cutoff 

A 

Hatched  Cladding 
Fiber 

Nylon 

8.6 

B 

Hatched  Cladding 
Fiber 

Aery  1  ate 

8.6 

C 

Hatched  Cladding 
Fiber 

Acrylate 

6.7 

D 

Depressed  Cladd¬ 
ing  Fiber 

Acrylate 

7.5 
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Fig.  2  shows  the  variation  of  zero  dispersion 
wavelength  according  to  tensile  stress.  Maximum 
variation  of  zero  dispersion  wavelenth  is  1.32;(iii 
in  short  fiber.  But  variation  is  decreased  in  long 
fiber.  The  reason  is  that  tensile  stress  is 
effected  to  group  delay  very  strongly  and 
measuring  deviation  Is  increased  in  short  fiber. 

Fig.  3  shows  the  variation  of  zero  dispersion 
wavelength  that  is  winded  with  fiber  in  the 
different  diameter  of  the  mandrel,  zero-dispersion 
wavelength  is  shifted  0.7nm  In  ISiiim  diameter  and 
zero  dispersion  wavelength  in  cutoff  shifted  fiber 
does  not  change  above  the  lOmm  diameter.  Also 
slope  of  zero  dispersion  wavelength  was  not 
change.  The  group  delay  of  fiber  A,  B  and  D  are 
effected  strongly  in  1 .55/,iir'-1 .6/:iii  more  than  1.3;/m 
in  15mm  diameter. 


FI  a. 2  Variation  of  zaro-dlsparalon  wave  length 
according  to  tensile  atreas  and  length 
(gauge  length:  20a) 


(ps/Ka.na) 

1310 

1300 

1290 

10  20  30  ‘1"  50  60 

Bending  diameter  (mn) 


0.  090 

0.  0»8 

0.086 

0.084 


Fig. 3  Variation  of  zaro-dlsperslon  wavelength 
according  to  banding  diameter 
(gauge  length:  2C.i) 


Fig.  4  shows  variation  of  optical  loss  according 
to  tensile  stress.  Optical  loss  is  increased 
maximum  O.OBdB  when  elongation  is  25mm.  It  can 
be  able  to  anticipate  the  maximum  endurable  excess 
length  without  increasing  optical  loss 

Fig.  5  shows  the  comparision  of  elongation 
obtained  between  elongation  meter  in  tensile 
stress  system  and  phase  shift  method  using  strain- 
optic  coefficient.  If  strain-optic  coefficient  is 
within  0.775±0.02,  the  result  is  very  sirailiar 
compare  to  conventional  method.  The  variation  of 
zero-dispersion  wavelength,  optical  power  and 
elongation  can  be  measured  when  tensile  stress 
applied  to  fiber  at  the  same  time  by  using  the 
phase  shift  method  [4]  . 


0.  15 


^  0.  10 

S 

I 

i 

8 

0.  00 

Fig. 4  Relation  between  the  optical  loas  and 
elongation  (gauge  length  :  60ca) 


Fig. 6  Relation  between  elongation  by  conventional 
Method  and  phase  shift  Method 

(strain  optic  coefficient:  0.775) 
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5.  CONCLUSION 


Stress  and  bending  loss  dependence  of  chroMtic 
dispersion  for  single  soda  fiber  was  investigated 
in  1.3/01  and  I.SS/oi  band.  The  effect  of  bending 
loss  in  the  relative  group  delay  is  nora  sensitve 
1.55/01 '-1. 6/01  than  1.3/oi  when  bending  dianeter  is 
decreased.  It  is  verified  the  cutoff  shifted  fiber 
wavelength  has  less  variation  than  conventional 
fiber  in  zero  dispersion  wavelength  and  obtain  the 
good  result  by  the  phase  shift  nethod  using  to 
strain-optic  coefficient  conpare  to  conventional 
Method. 


REFERENCES 


Young-Taeg  Kia 
Taihan  Electric  Wire 
Co. I  Ltd 

785,  Kwanyang-dong, 
Anyang,  Kyungki-do, 
430-060,  KOREA 


y.  T.  Kim  received  his  B.A  degree  froM  Pusan 
University  in  1985.  Ha  joined  Taihan  Electric  Wire 
Co., Ltd.  and  ha  has  been  engaged  in  Measuring 
section  of  optical  fiber.  Now  ha  is  a  engineer  of 
the  Quality  Assurance  Oepartaent. 


®  Axsl  Bertholds  and  Rme  O^dliker  "Deterninat- 
ion  of  the  Individual  Strain-Optic  Coefficient  in 
Single-Hode  Optical  Fibers"  Journal  of  Lightwave 
Technology,  vol.  6  (1988) 

(D  William  H.  Hatton  and  Hasayuki  Nishimura 
"Temperature  Dependence  of  Chromatic  Dispersion 
in  Single  Hode  Fibers"  Journal  of  Lightwave 
Technology,  vol.  LT-4,  No.  10  (1988) 

(D  F.  H.  E.  Sladen,  H.  S.  Reichard  and  S.  Uvegas 
"Simple,  fast  and  repeatable  chromatic-dispersion 
measurement  in  laboratory,  factory  and  field 
environments."  DOO/ANSI/EIA  Fiber  Optic  Standardi¬ 
zation  Conference  (1987) 

®  Arthur  J.  Barlow  "Quadrature  Phase  Shift 
Technique  for  Haasurement  of  Strain,  Optical  Power 
Transmission,  and  Length  in  Optical  Fibers" 
Journal  of  Lightwave  Technology,  vol.  7  (1989) 

©  H.  Wsnski  8.  Henze  J.  Schulte  "Fiber  strain 
during  cable  pul  I ing  :  important  factor  in  cable 
design"  International  Wire  &  Cable  Symposium 
(1989) 


Kun-Ik  Jui 
Taihan  Electric  Wire 
Co.,  Ltd 

785,  Kwanyang-dong, 
Anyang,  Kyuigki-do, 
430-060,  KOREA 


K.  I.  Jun  received  from  Hyungji  Junior  College  in 
1980.  and  joined  Taihan  Electric  Wire  Co., Ltd.  He 
has  been  engaged  in  measuring  and  inspection  of 
optical  fiber.  He  is  now  a  senior  engineer  of  the 
Quality  Assurance  Department. 


Yung-Ik  Lee 
Taihan  Electric  Wire 
Co.,  Ltd 

785,  Kwanyang-dong, 
Anyang,  Kyungki-do, 
430-060,  KOREA 


Y.  I.  Lee  received  his  M.S  degree  from  Yonsei 
University  in  1981.  He  joined  Taihan  Electric  Wire 
Co., Ltd.  and  he  has  been  engaged  in  measuring 
section  of  optical  fiber.  Now  he  is  a  Section 
Hanagsr  of  the  Quality  Assurance  Department. 


456  International  Wire  &  Cable  Symposium  Proceedings  1991 


LONG  LENGTH,  HIGH  SPEED  AIR  FEEDING  OF  OPTICAL  UNITS 
BY  PRESSURIZED  AIR 
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ABSTRACT 

Air  carrying  installation  of  optical 
units  into  pipes  is  promising  as  a  flexi¬ 
ble  and  casual  installation  strategy  . 
This  installation  method  does  not  need  any 
civil  engineering.  The  long  distance  and 
high  speed  installation  is  required.  The 
parameters  dominating  air  carrying  per¬ 
formance  are  studied  .  As  results,  the 
surfaces  of  optical  units  and  pipes  are 
optimized  to  reduce  friction  constant. 
The  installation  of  1000m  in  length  has 
been  achieved.  The  long  term  stability  of 
transmission  loss  installed  optical  units 
was  confirmed  for  a  pipe  cable  in  test 
field. 

INTRODUCTION 

Various  types  of  optical  cables  had  been 
implemented  in  the  enlargement  of  optical 
fiber  communication  because  of  prominent 
features  such  as  small  size,  light  weight, 
low  loss  and  high  transmission  capacity, 
etc.  Air  feeding  installation  method  of 
optical  fiber  units  is  forming  a  unique 
and  active  category  of  optical  cables.  (1- 
6)  This  kind  of  cables  are  installed  in 
two  steps.  In  the  first  step,  the  cables 
comprising  pipes  are  installed  in  a  con¬ 
ventional  manner.  In  the  second  step, 
optical  units  are  carried  into  the  said 
pipes  by  the  force  of  pressurized  air  . 
Pipe  cable  and  optical  units  are  not 
usually  installed  at  the  same  time.  The 
second  step  installation  can  be  delayed 
till  optical  fibers  are  demanded.  And  the 
second  step  installation  does  not  need  any 
civil  engineer.  Optical  units  can  be 
easily  installed  from  the  ends  of  the  pipe 
cable  with  a  compact  feeding  apparatus. 
Moreover,  the  number  of  connecting  points 
for  pipe  cables  can  be  reduced,  the  fiber 
unit  is  less  tensioned  during  installa¬ 
tion,  and  the  route  is  relatively  easy  to 
change.  The  removal  of  optical  units  is 
possible  as  well  as  air  feeding.  This 
technique  have  the  advantages  of  flexibil¬ 
ity  and  upgradability . 

As  for  the  carrying  performance,  the 
attainable  carrying  length  and  the  feeding 


speed  are  essential.  The  long  distance 
air  carrying  performance  is  able  to  reduce 
the  splice  points  and  may  broaden  the 
application  fields  of  this  technique. 
Lately  we  have  tried  this  technique  that 
utilizes  an  air  stream  to  install  optical 
fiber  cable.  We  have  investigated  the  air 
carrying  characteristics  for  various  types 
of  optical  units  and  pipes.  The  key  fac¬ 
tors  dominating  the  carrying  performance 
has  been  found.  The  optical  units  and  pipe 
surfaces  have  been  optimized  to  reduce  the 
friction  constant  as  results. 

CQNFIfiURATIQN 

The  configuration  of  the  PASS  is  given 
in  Fig.l.  The  pressure  feeding  system 
comprises  a  pressure  feeding  device  prop¬ 
er,  a  compressor,  an  air  drier,  an  control 
unit  and  an  optical  fiber  unit  feeder.  The 
optical  fiber  unit  is  forwarded  by  the 
pressure  feeding  device.  The  air  is  pres¬ 
surized  and  dried  by  the  compressor  and 
the  drier.  The  construction  of  the  fiber 
unit  is  shown  in  Fig. 2.  As  shown  in  this 
figure,  the  6-fiber  unit  is  coated  with 
nylon  followed  by  coating  with  polyethyl¬ 
ene  foam.  The  construction  of  the  pipe  to 
feed  the  optical  fiber  unit  is  shown  in 
Fig. 3. 


Optical  fiber  unit 


Fig.  1  System  configuration 
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Optical  fiber 


ANALYSIS  OF  AIR  CARRYING  PERFORMANCE 

The  model  of  air  feeding  of  fiber  unit 
is  shown  in  Fig. 4.  In  the  surface  of  the 
fiber  unit  placed  in  the  polyethylene 
pipe,  shear  stress  is  produced  by  the 
viscosity  of  the  air  flowing  through  the 
pipe.  The  fiber  unit  is  driven  in  the 
direction  of  the  air  stream  when  shear 
stress  overcomes  friction  forces  produced 
between  the  fiber  unit  and  the  inner  wall 
of  the  pipe.  Therefore,  it  is  necessary  to 
secure  a  sufficient  flow  rate  of  air 
driving  the  fiber  unit  and  reduce  the 
above-mentioned  friction  force  in  order  to 
improve  the  pressure  feed  performance  of 
the  fiber  unit.  We  have  roughly  estimated 
the  attainable  feeding  length.  The  attain¬ 
able  air  feeding  length  is  determined  by 
the  force  balance  of  the  driving  force  and 
the  resistant  force  of  the  unit  when  the 
unit  goes  through  the  pipe.  The  resistant 
force  depends  on  the  condition  of  the 
pipe.  We  assume  the  pipe  wound  in  a  drum 
for  simplicity  as  shown  in  Figure  5. 

The  air  flow  in  a  pipe  is  theoretical¬ 
ly  given  as  a  function  of  the  position  x 
from  the  inlet  of  the  pipe,  absolute 
pressures  Pin,  Pout  at  the  inlet  and 
outlet  of  the  pipe. 

P(X)=(^"1^^X+PS,)2  (1) 


6  Fiber 


Fig.  2  Cross  section  structure  of  optical 

fiber  unit 


Fig.  3  Structure  of  feeding  pipe 


Driving  force  F  =  FI  -  F2 


^  '  P(X) 


(2) 


Fig.  4  Driving  force  of  optical  fiber  unit 


We  confirmed  the  validity  of  this  equation 
experimentally.  The  relation  between  the 
flow  rate  and  the  driving  force  is  esti¬ 
mated  experimentally  as  shown  in  Fig. 6. 
The  driving  force  operated  on  the  1  m  long 
unit  was  measured  by  a  load  cell  as  a 
function  of  the  flow  rate.  The  measurement 
setup  of  driving  force  is  shown  in  Fig. 7. 
The  inner  diameter  of  the  pipe  is  6  mm  and 
the  outer  diameter  of  the  unit  is  about  2 
mm.  Optical  fiber  units  with  various 
surface  roughness  were  evaluated.  Accord¬ 
ing  to  Fig. 6,  the  driving  force  can  be 
approximately  represented  by  the  1.6-1. 8 
times  power  of  flow  rate  regardless  of  the 
degree  of  the  surface  roughness.  The 
surface  roughness  of  the  units  increases 
the  driving  force  apparently.  The  total 
driving  force  of  the  unit  is  calculated 
from  Eq.{2)  and  the  driving  force  constant 
estimated  from  Fig. 6  as  follows. 

Fd=c|  V{t)i-6dt 

On  the  other  hand,  the  resistant 
force  Fb  was  supposed  to  be  represented  by 
the  friction  constant  between  unit  and 


Fig.  5  Pressure  feeding  condition 


Fig.  6  Measured  driving  force 


458  International  Wire  &  Cable  Symposium  Proceedings  1991 


pipe.  The  integrated  resistant  force  Fb 
along  the  unit  in  a  pipe  is  given  by 

F.(x)=F.exp^^) 

where,  R  is  the  winding  radius  of  the  pipe 
in  a  drum.  Fig. 8  shows  the  curves  of  the 
driving  force  and  the  resistant  force 
operated  on  the  unit.  The  cross  points  of 
both  curves  show  the  balance  condition. 
This  condition  means  the  maximum  carrying 
length  of  the  unit.  The  friction  constants 
and  the  driving  force  coefficients  are 
changed  .  The  driving  force  coefficient  is 
determined  by  the  interaction  between  the 
unit  surface  and  the  air  flow.  The  fric¬ 
tion  force  increases  exponentially.  The 
reduction  of  the  friction  constant  is 
considered  to  be  more  effective  for  the 
improvement  of  carrying  length  according 
to  Fig. 8.  There  is  a  trade-off  of  surface 
roughness  of  unit  because  the  roughness 
increase  not  only  the  driving  force  but 
also  the  friction  constant. 


Friction  constants  for  various  units  and 
pipes  were  measured  and  the  carrying 
performance  were  compared.  The  friction 
constant  have  been  reduced  by  1/4. 

In  general,  the  friction  constant  is 
determined  by  the  following  equation. 

H=lln(^)  (5) 

The  dragging  force  of  the  unit  with  a  back 
tension  is  measured  as  shown  in  Fig. 9.  The 
friction  constant  depends  actually  on  the 
dragging  speed  ,  winding  radius  of  a  pipe 
,  the  length  of  samples  and  so  on.  The 
measurement  condition  was  fixed  and  stand¬ 
ardized.  The  two  optical  units  and  eight 
pipes  with  various  inner  surface  condi¬ 
tions  were  evaluated.  Results  were  plotted 
as  a  function  of  friction  constant  as 
shown  in  Fig. 10.  The  air  feeding  perform¬ 
ance  of  these  combinations  of  unit  and 
pipe  was  measured  as  follows.  The  pipes  of 
500  m  in  length  are  wound  in  drums  with 
the  same  diameter  .  Feeding  air  pressure 
at  the  inlet  was  changed  by  the  step  of  1 
kg/cm2.  The  minimum  air  pressure  and 
feeding  time  for  complete  feeding  was 
measured.  Air  pressure  and  carrying  time 
are  ranked  in  the  same  vertical  axis. 
Minimum  feeding  air  pressure  is  scaled  in 
a  vertical  axis  in  the  interval  of  1 
kg/cm2.  Marks  located  in  the  same  interval 
of  the  axis  indicate  the  same  minimum  air 
pressure  for  complete  feeding.  Inside  the 
interval,  locations  of  marks  indicate  the 
feeding  time.  And  the  width  of  each  inter¬ 
val  corresponds  to  one  hour.  In  other 
words,  the  ranking  is  lower,  the  better 
the  carrying  performance  is  in  this  fig- 


Fig.  7  Measurement  setup  for  driving  force 


Fig.  8  The  calculated  driving  force  and 

resistant  force 


Optical  fiber  unit 


Fig.  9  Measurement  setup  of  friction 

coefficient 


Fig.10  Air  Carrying  Characteristics 
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ure.  It  is  noted  that  the  order  of  rank¬ 
ing  agrees  well  with  the  order  of  the 
friction  constant.  The  feeding  time  less 
than  10  minutes  has  been  achieved  for 
lower  friction  constant  combinations. 

The  friction  constant  between  unit 
and  pipe  was  reduced  by  harmonizing  the 
surface  roughness  of  optical  units  and  the 
pipe  and  by  the  modification  of  the  mate¬ 
rial.  The  combination  of  rough  surface 
fiber  unit  and  rough  surface  pipe  indi¬ 
cates  the  large  friction  constant.  The 
doping  slipping  agents  into  unit  or  pipe 
also  reduced  the  friction  constant.  The 
friction  constant  was  reduced  to  about 
1/4  value  relatively. 

FIBER  UNIT  AND  PIPE  CHARACTERISTICS 

The  optical  fiber  units  with  optimized 
foamed  polyethylene  were  tested.  The 
transmission  loss  process  variation  is 
shown  in  Fig. 11  for  the  6-fiber  unit 
coated  with  nylon  and  then  with  polyethyl¬ 
ene  foam.  Measurements  were  taken  using 
the  OTDR  method,  at  a  wavelength  of  1550 
nm.  There  was  not  increase  in  transmission 
loss,  i.e.,  this  characteristics  was 
stable . 

The  unit  were  subjected  to  20  cycles 
of  heat  cycle  test  (24  hours  per  cycle)  at 
temperature  of  -20  to  +60  degree  C  to 
measure  their  transmission  losses.  Results 
are  given  in  Fig. 12.  The  increase  in 
transmission  losses  was  about  0.01  dB/km, 
this  characteristic  was  stable. 

Concerning  the  pipe  material,  we 
selected  a  high-density  polyethylene-based 
material  placing  importance  on  the  resist¬ 
ance  to  friction  with  the  fiber  unit, 
pressure  feed  performance  at  high  tempera¬ 
tures  (60-70  degs  C),  expected  to  be 
encountered  in  actual  routes,  and  mechani¬ 
cal  performance. 

Table  1  shows  the  results  of  testing 
the  polyethylene  pipe  for  mechanical 
performance.  Sufficient  mechanical  per¬ 
formance  was  shown  for  the  pipe. 


ffl 

T3 


10 

o 


o 

«0 

w 

E 

M 


Priduction  process 

Fig-11  The  change  of  transmission  loss 
through  the  production  process 
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6  Fiber  unit 
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Table  1  Mechanical  test  of  PE  pipe 


APPLICATION  TO  CABLES 

An  assembled  pipe  type  cable  were  in¬ 
stalled  to  investigate  the  applicability 
of  the  PASS  method  to  cables.  And  long¬ 
term  reliability  was  examined.  Cable 
installation  routes  include  straight, 
curved,  ascending  and  descending  sections. 
Total  route  length  is  500  m.  Fig. 13  shows 
the  construction  of  assembled  four-pipe 
type  cable.  The  subject  unit  for  pressure 
feeding  was  the  6-fiber  unit. 

1 ) Transmission  loss  after  pressure  feeding 
There  was  no  increase  in  transmission 
loss  of  singlemode  fiber,  i.e.,  this 
characteristics  was  stable.  Moreover,  in 
order  to  evaluate  its  long-term  stability 
after  pressure  feeding,  the  fiber  unit  was 


ham 

Conditions 

Resuh 

Machanical  Taat 

Crush 

Plats  width  :  50  mm 

Wsight  :  20  kg 

about  20% 

Impact 

Haight  :  1  m 

Wsight  ;  1  kg 

30  -  40% 

Thartnal  Machanical  Taat 

Low  tamp. 
Impact 

Tamparaturs :  -20  t: 
Haight  :  2  m 

Wsight  ;  1  kg 

N.T. 

Low  tamp. 
Band 

Tamparaturs  :  -20 

MandrsI  diameter 
:  80  mm 

N.T. 

High  tamp. 
Band 

Temperature  :  80  v; 

Mandrel  diameter 
;  80  mm 

N.  T. 
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allowed  to  stand  for  one  year  to  investi¬ 
gate  the  variation  in  transmission  loss 
with  time.  Results  are  given  in  Fig. 14. 
Measurements  were  taken  after  one  month, 
after  six  months  and  after  one  year.  There 
was  no  increase  in  transmission  loss, 
i.e.,  this  characteristics  was  stable. 

2)  Pressure  feed  performance 

Initially  pressure  feed  performance 
was  evaluated  applying  an  air  pressure  of 
6  kg/cm2.  Pressure  feeding  over  the  entire 
length  was  completed  in  about  30  minutes. 
And  the  route  length  of  1000  m  was  formed 
by  joining  two  pipes  at  the  end  of  the 
cable  end.  The  air  feeding  through  this 
joined  pipe  was  tried  and  was  achieved. 
Similar  to  the  transmission  loss.  Prior  to 
pressure  feeding  of  the  fiber  unit,  dry 
air  was  sufficiently  blown  through  the 
pipe.  Results  are  given  in  Table  2.  No 
degradation  in  pressure  feed  performance 
was  observed.  Namely,  pressure  feeding 
after  one  year  could  be  completed  in  the 
same  period  of  time  as  that  in  the  initial 
stages . 

3)  Mechanical  performance 

With  the  PASS  method  in  which  the 
fiber  unit  is  pressure  fed  after  cable 
installation,  there  is  a  possibility  that 
external  forces  applied  during  installa¬ 
tion  may  cause  the  pipe  in  the  cable  to  be 
flattened  or  crushed.  We  evaluated  its 
tension,  bending,  flexing,  crushing, 
torsion,  impact,  vibration,  etc.,  charac¬ 
teristics.  For  this  evaluation,  we  inves¬ 
tigated  the  ability  of  the  pipe  to  pass  a 
4.0  mm  steel  ball  through  it  and  the 
flattening  of  the  cable  during  testing  as 
well  as  the  flattening  of  the  pipe  after 
disassembly  of  the  cable.  Results  are 
given  in  Table  3.  It  can  be  seen  from  the 
results  that  the  pipe  maintained  the 
initial  ability  of  passing  the  4.0  mm 
steel  ball.  And  that  the  pipe  was  not 
flattened  when  the  cable  was  disassembled 
after  the  test. 


Fig.13  4  pipe  cable 
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Fig.14  The  long-term  transmission  loss 
change  of  installed  optical  fibers 


Table  2  The  change  of  long-term  pressure 

feed  performance 


Periods 

Feed  time 
( 500  m ) 

Transmission  loss  after 
feed  (dB/km  at  1550  nm) 

Initial 

10  min. 

0.21 

1  month 

10  min. 

0.20 

S  months 

9  min. 

0.20 

12  months 

9  min. 

0.20 

Table  3  Mechanical  test  results  of  the  four 

pipe  cable 


Item 

Condition 

Evaluation 

Cable 

elllpticity  (%) 

Tensile 

Performance 

Cable  length  s  100  m 
Tensile  forces  210 ko 

N.T 

0.0 

Repeated 

bending 

Bending  radius 
=  250  mm 

Angles  180  deg. 

Number  of  cycle  s  5 

NT 

0.0 

Flexing 

Carrier  pulley 
radius  s  250  mm 

Angle  s  135  deg. 

Tensile  forces 210  kg 
Flexing  section 
length  s  lm 

N.T 

5.0 

Crush 

Weight  s  100  kg  /  50  mm 
Sample  length  s  1  m 

NT 

2.2 

Torsion 

Tensile  force  s  25  kg 
Torsion  angle  s  90 

Number  of  cycle  s  3 

NT 

0.0 

! 

Vibration 

Span  length  =  1  m 
Frequency  s  10  HZ 
Amplitude  =  5  mm 

Number  of  cycle 
=one  million 

NT 

0.0 

j  Impact 

Impact  area  s  25  mm 
Weight  =  i  kg 

Height  =  1  m 

N.T 

2.0 
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CONCLUSION 


Akira  Sano 


We  investigated  a  method  of  install¬ 
ing  optical  fiber  unit  after  completing 
cable  installation.  With  this  method,  the 
coefficient  of  friction  between  pipe  and 
fiber  unit  has  been  reduced  to  about  1/4 
the  ordinary  value  of  friction  coeffi¬ 
cient.  Its  reduction  is  effective  in 
improving  the  pressure  feed  performance. 
Using  such  pipes  and  units  has  made  it 
possible  to  complete  pressure  feeding 
stably  for  1000  m.  Moreover,  we  have 
evaluated  the  degradation  in  pressure  feed 
performance  and  the  variation  in  transmis¬ 
sion  loss  for  the  long  term  and  have 
obtained  stable  results.  Because  of  its 
prominent  features,  the  pressurized  air 
installation  method  is  expected  to  expand 
its  applications  in  the  future  to  pipe 
composite  cable,  building  room  wiring 
cable  etc. 
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Abstract 

In  order  to  reduce  connecting  losses  of 
multi-fiber  connectors,  it  is  necessary  to  align 
the  optical  axes  of  the  single-mode  fibers  with 
an  accuracy  of  the  order  of  submicrons.  Ex¬ 
panding  the  mode  field  diameter  at  the  fiber 
splice  makes  it  possible  to  reduce  the  splicing 
losses  resulting  from  transverse  offset  of  the 
fibers  theoretically.  We  selected  a  method  that 
heats  the  optical  fibers  of  a  fiber  ribbon  using  a 
small  gas  burner  to  expand  their  mode  field 
diameters.  We  obtained  the  optimal  conditions 
by  experiments.  As  a  result,  the  average  con¬ 
necting  losses  of  four-fiber  connectors  could  be 
reduced  from  0.25  dB  to  0.19  dB. 

Introduction 

Multiple  optical  fiber  cables  with  high 
fiber  counts  up  to  1,000  are  introduced  into 
subscriber  loops  in  Japan.  In  installation  of  the 
cables,  multi-fusion  splice  and  multi-fiber 
connectors  are  used  to  splice  the  fiber  ribbons. 
Although  the  splice  loss  of  the  fusion  splice  is 
lowei,  connectorized  cable  which  has  multi¬ 
fiber  connectors  at  the  ends  are  widely  used 
because  of  shortening  the  installation  time. 

The  factors  that  determine  the  splice  loss 
of  single-mode  fibers  involve  transverse  offset, 
tilt,  difference  of  mode  field  diameters,  incon¬ 
sistency  in  refractive  index,  etc.,  [1].  Taking 
into  account  the  existing  fabricating  and  splic¬ 
ing  techniques,  transverse  offset  is  the  major 
cause  of  splice  loss.  Various  methods  of  ex¬ 


panding  the  mode  field  diameter  of  the  fiber  to 
decrease  the  contribution  of  this  transverse 
offset  have  been  reported  [2],  [3],  [4],  [5].  Ex¬ 
amples  of  these  methods  are  elongating  the 
fiber  in  taper  form  [6],  fabricating  the  fiber  in 
inverted  taper  form  [7],  diffusing  the  dopant  in 
the  fiber  with  heating,  etc.. 

This  paper  shows  the  results  of  investiga¬ 
tion  and  experiments  of  expanding  mode  field 
diameter. 

Principle 

To  estimate  the  effect  of  expanding  mode 
field  diameter,  the  relation  between  transverse 
offset  and  splice  losses  is  given  in  Fig.  1  with  the 
mode  field  diameter  as  a  parameter.  As  seen 
from  this  figure,  the  splice  losses  with  a  trans¬ 
verse  offset  of  1.0  pm  are  0.19,  0.07  and  0.04  dB 
for  mode  field  diameters  of  9.5,  16  and  22  pm, 
respectively.  Thus,  expanding  mode  field  di¬ 
ameter  makes  it  possible  to  effectively  reduce 
the  contribution  of  transverse  offset  to  splice 
losses. 

To  realize  the  expanded  mode  field  diame¬ 
ter,  the  method  that  diffuse  the  dopant  in  the 
fiber  with  heating  was  investigated.  This  method 
permits  to  vary  the  refractive  index  distribu¬ 
tion  with  the  V  value  of  each  fiber  virtually  kept 
constant.  Therefore,  it  is  highly  possible  that 
the  high-order  mode  will  not  take  place  and 
that  radiative  losses  will  not  occur  in  the  funda¬ 
mental  mode.  The  increase  in  losses  resulting 
from  the  expanded  mode  field  diameter  should 
be  negligible  if  this  diameter  is  continuously 
expanded  along  the  fiber  axis  and  the  expanded 
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portion  is  not  bent.  Moreover,  it  is  possible  to 
heat  treatment  any  portion  for  the  fiber  and  to 
maintain  the  outer  diameter  of  the  fiber  \m- 
changed,  so  such  fibers,  when  attaching  con¬ 
nectors  to  them,  can  be  handled  in  the  same 
manner  as  the  ordinary  ones. 

Thus  we  selected  a  method  that  heats  the 
fibers  of  a  fiber  ribbon  using  a  small  gas  burner 
to  cause  thermal  diffusion  of  germanium,  a 
dopant  in  the  core,  in  order  to  expand  their 
mode  field  diameters. 


TRANSVERSE  OFFSET  [)im] 

Figure  1  Splice  loss  vesus  transverse  offset 
for  various  mode  field  diameters. 
Wavelength  :  1.31  pm 
Angular  misalignment ;  0  degrees 


Method  of  Expanding 
Mode  Field  Diameter 

Expanding  the  mode  field  diameter  by 
thermal  diffusion  is  possible  by  using  an  elec¬ 
tric  furnace,  a  small  gas  burner  or  the  like.  In 
this  study,  we  expanded  the  mode  field  diame¬ 
ter  using  a  gas  burner.  A  schematic  view  of  the 
heating  system  adopted  by  us  is  shown  in  Fig.2. 
The  subject  fiber  ribbon  was  of  four-fiber  de¬ 
sign.  The  UV  jacket  of  this  fiber  ribbon  was 
partly  stripped  off  and  the  fibers  were  heated 
directly  by  gas  burner.  The  heating  tempera¬ 
ture  could  be  estimated  to  be  around  1,600 


degrees  because  the  fibers  just  began  to  soften. 
To  maintain  the  heating  temperature  constant, 
the  flow  rates  of  fuel  gas  and  oxygen  gas  were 
finely  controlled  and  the  location  of  the  small 
gas  burner  automatically  controlled  using  a 
manipulator.  Further,  tension  was  controlled 
at  lower  than  10  gw  to  prevent  the  fibers  being 
elongated.  After  heating,  the  fibers  were  cut 
each  at  the  center  of  the  heated  portion  and 
evaluated  with  a  multi-fiber  connector  (MT 
connector)  attached  to  them. 


BARE  FIBER 


Figure  2  A  Schematic  view  of  the  heating 
system. 

Firstly,  the  mode  field  diameter  was  in¬ 
vestigated  at  a  wavelength  of  1.31  pm  to  con¬ 
firm  that  this  diameter  was  actually  expanded. 
The  results  of  measuring  the  mode  field  diame¬ 
ter  for  each  heating  time  arc  given  in  Fig. .3 
From  this  figure,  it  can  be  found  that  the  mode 
field  diameter  becomes  larger  with  longer 
heating  time.  We  succeeded  in  expanding  the 
mode  field  diameter  with  good  reproducibility 
by  controlled  in  the  range  of  16  ±  1  pm. 

A  near-field  pattern  (NFP)  at  1.31  pm 
wavelength  is  shown  in  Fig.4.  It  can  be  seen 
from  this  figure  that  the  high-order  mode  does 
not  take  place  and  axial  symmetn' 
turbed  significantly.  The  powc'  distribution 
caused  on  the  fiber  endface  when  illuminated 
by  a  halogen  lamp  is  shown  in  Photo.  1  for 
reference. 

Next,  how  the  mode  field  diameter  after 
heating  of  the  fiber  changes  along  the  fiber  axm 
was  investigated.  Results  are  given  in  Fig.o. 
The  mode  field  diameter  shows  a  smooth  van- 
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ation  from  1'^  to  10  |im  over  a  length  of  3  mm 
from  the  center  of  the  heated  portion.  The 
differences  in  mode  field  diameter  between  the 
four  fibers  are  as  small  as  1  pm. 

The  optical  fibers  before  and  after  heating 
were  measured  for  refractive  near-field  pattern 
(RNFP).  As  a  result,  it  was  found  that  the 
refractive  index  difference  after  heating  is 
smaller  than  that  before  heating.  It  can  be 
grasped  that  germanium,  a  dopant  in  the  core, 
is  diffused  with  heating. 


E 


H RATING  TIME  |min| 


MFD  :  9.5  pm  MFD  :  20  pm 
Photograph  1  Power  intensity. 


Figure  3  Mode  field  diameter  versus  heat¬ 
ing  time. 


10  0  10 
DiSTANCF  FROM  CEN'i’FK  (.lunj 


Figure  4  Near  field  pattern  at  1.31  pm 
wavelength. 

( 1  )  MFD  :  9.4  pm 
(2)  MFD  ;  12.2  pm 
( 3 1  MFD  :  15. 1  pm 


DIST.V.N'CE  FROM  .■VRBITR.A.RY  POLNT  :mm; 

Figure  5  Change  of  mode  field  diameter 
along  the  fiber  axis. 


Conditions  for  Expanding 
Mode  Field  Diameter 

Theoretically  it  seem  preferable  that  the 
mode  field  diameier  be  made  as  large  as  prac¬ 
ticable.  However,  it  was  found  that  this  actu¬ 
ally  results  in  gi'eater  propagation  losses  in  the 
heated  portion  of  the  fiber,  'fo  confirm  that  the 
losses  caused  by  heating  or  by  expanding  the 
mode  field  diameter  vary  we  performed  an 
experiment  using  an  experimental  system 
shown  in  Fig. 6.  The  heating  system  was  the 
stime  as  that  shown  in  E'ig.2.  3'he  wavelength 
dependency  of  the  losses  was  measured  I’nr 
each  heating  time.  The  wavelength  depend- 
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ency  of  the  losses  resulting  from  10-minute 
heating  is  shown  in  Fig.7.  In  this  graph,  a  peak 
value  exists  in  the  1.38  pm  band.  This  loss  is 
attributable  to  light  absorption  by  OH  radical. 
Further,  a  gentle  increase  in  losses  can  be 
observed  in  the  entire  range  of  wavelengths. 


FIBER 


Figure  6  Experimental  system. 


1:2  1,3  1.4  l.f)  1,6  1.7 


\V..\VELENG'rH  [pmj 

Figure  7  Wavelength  dependency  of  loss 
resulting  from  10-minute  heating. 


The  relation  between  heating  time  and 
loss  IS  given  in  Figs. 8  and  9  for  wavelengths  of 
1.31  and  1.38  pm,  respectively,  'fhe  light  ab¬ 
sorption  by  OH  radical  becomes  greater  with 
longer  heating  time  and  the  amount  of  light 
absorbed  iiy  OH  radical  reaches  saturation  in  a 
short  time,  but  this  virtually  does  not  affect  the 
loss  at  1.31  pm.  Further,  the  increase  in  losses 
in  the  entire  range  of  wavelengths,  caused  by 
short-time  heating,  is  small.  With  longer  lieat- 
ing  time,  the  loss  increases  exponential!  v  up  to 


a  level  that  cannot  be  neglected,  e.g.,  10-minute 
heating  increases  the  loss  by  0.07  dB.  Thus 
expanding  the  mode  field  diameter  by  increas¬ 
ing  the  heating  time  results  in  greater  losses,  so 
it  is  necessary  to  prevent  this  increase  in  losses. 


HEATING  TIME  [min] 

Figure  8  Propagation  loss  at  1.31  pm  wave¬ 
length  versus  heating  time. 


0  5  10 


HEATING  TIME  [mm] 

Figure  9  Propagation  loss  at  1.38  pm  wave¬ 
length  versus  heating  time. 

In  addition,  expanding  the  mode  field 
diameter  makes  greater  the  contribution  of 
angular  misalignment  to  connecting  losses.  The 
relation  between  transverse  offset  and  angular 
misalignment  is  shown  in  Fig. 10  with  the  con¬ 
necting  losses  as  a  ptirameter.  Expanding  the 
mode  field  diameter  decreases  losses  by  trans- 
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verse  offset  but  increases  losses  by  angular 
misalignment. 


TRANSVERSE  OFFSET  [pm] 

Figure  10  Angular  alignment  versus  trans¬ 
verse  offset. 

(a)  MFD  ;  9.5  )im  Loss  ;  0.25  dB 

(b)  MFD  :  16  |J.m  Loss  :  0.25  dB 

(c)  MFD  ;  16  |j.m  Loss  ;  0.19  dB 

Therefore,  it  is  important  that  the  losses 

by  heating  and  those  by  transverse  offset  and 
angular  misalignment  be  controlled  to  attain  a 
better  trade-off  between  them.  Taking  into  ac¬ 
count  these  factors,  we  controlled  the  heating 
time  at  7  minutes  and  expanded  the  mode  field 
diameter  to  about  16  pm. 

Connecting  Characteristic  of  Multi-fiber 
Connectors  With  Expanded  Mode  Field 
Diameter 


treatment  was  attached  to  the  opposite  side  to 
the  MT  connector  attached  to  the  fiber  ribbon  of 
expanded  mode  field  diameter. 

Several  four-fiber  MT  connectors  with 
expanded  mode  field  diameter  were  fabricated, 
connected  at  random  and  measured  for  con¬ 
necting  losses.  Similarly  ordinary  four-fiber 
MT  connectors  on  the  opposite  side  to  them 
were  measured  for  connecting  losses.  A  wave¬ 
length  of  1 .31  |am  and  an  index  matching  grease 
were  used  for  this  measurement.  The  average 
value  of  connecting  losses  was  0.25  dB  for  the 
ordinary  four-fiber  MT  connectors  and  0.19  dB 
for  the  four-fiber  MT  connectors  with  expanded 
mode  field  diameter.  Thus  the  connecting  losses 
of  the  four-fiber  MT  connectors  could  be  re¬ 
duced  as  shown  by  the  graph  of  Fig.  11. 


CONNECTING  LOSS  [dBJ 


The  method  of  fabricating  a  multi-fiber 
connector  to  be  attached  to  a  fiber  ribbon  of 
expanded  mode  field  diameter  will  be  described 
below.  First,  the  fibers  of  a  four-fiber  ribbon 
were  heated  using  the  heating  system  shown  in 
Fig. 2.  Controlling  the  heating  time,  the  mode 
field  diameter  at  the  center  of  the  heated  por¬ 
tion  of  each  fiber  was  expanded  from  10  to  17 
pm.  The  fiber  ribbon  was  then  cut  and  a  four- 
fiber  MT  connector  was  attached  to  it.  Another 
four-fiber  MT  connector  not  subjected  to  heat 


Figure  11  Loss  histograms  for  four-fiber  MT 
connectors  with  fibers  expanded  MFD. 

Wavelength  :  1.31  pm 

Using  an  index  matching  grease 

Assuming  that  there  is  no  angular  mis¬ 
alignment,  the  average  transverse  offset  can  he 
determined  to  be  about  1 . 1  pm  from  the  average 
value  of  connecting  losses  of  the  four-fiber  MT 
connectors  attached  to  the  ordinary  fiber  rib- 


international  Wire  &  Cable  Symposium  Proceedings  1991  467 


bons  ^nd  from  Fig.l.  For  a  mode  field  diameter 
of  16  ^im,  the  connecting  loss  with  this  value  of 
transverse  offset  is  about  0.09  dB.  The  loss  of 
0.19  dB  obtained  from  the  experiment  is  much 
greater  than  that  value.  It  is  considered  as  one 
of  the  reasons  for  this  that  the  losses  caused  by 
tilt  were  too  large  to  be  neglected. 

Conclusion 

By  using  a  small  gas  burner,  we  could  heat 
the  multiple  fibers  of  a  single-mode  fiber  ribbon 
to  expand  the  mode  field  diameters  of  all  fibers 
equally  and  in  short  time.  However,  heating 
the  fibers  or  expanding  their  mode  field  diame¬ 
ters  increases  losses.  In  order  to  prevent  this 
increase  in  losses,  the  heating  time  was  con¬ 
trolled  and  the  mode  field  diameter  was  ex¬ 
panded.  We  succeeded  in  reducing  the  connect¬ 
ing  losses  of  multi-fiber  connectors  by  using  the 
MT  connectors  with  expanded  mode  field  di¬ 
ameter.  In  addition  to  the  reduction  in  splice 
losses,  the  MT  connectors  with  increased  mode 
field  diameter  will  be  able  to  find  applications 
for  other  optical  elements. 
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ABSTRACT 

The  physical  state  of  a  filling  compound  is  often  described  by 
means  of  cone  penetration  testing. 

In  this  paper  it  is  shown  that  an  alternative  approach  was 
developed  ,  based  upon  rheological  analysis.  Consideration  of 
compound  requirements  both  for  processability  and  cable 
performance  were  determined,  leading  to  a  series  of  key 
rheological  parameters  being  identified. 

The  results  from  rheological  testing  of  filling  compounds  are 
compared  to  actual  cable  performance,  and  it  is  shown  that 
critical  material  properties  can  be  highlighted  which  would  be 
missed  by  conventional  analysis. 

Based  upon  this  knowledge  a  model  is  developed  relating  the 
yield  stress  of  a  filling  compound  to  the  optical  performance  of 
a  slotted  core  cable. 


1.  INTRODUCTION 

As  is  widely  recognised,  the  use  of  filling  compounds  in 
optical  fibre  cables,  both  in  loose  tube  and  slotted  core 
application  is  a  practical  method  for  preventing  water  contact 
with  the  fibre,  which  is  an  essential  requirement  to  maintain 
the  physical  properties  of  the  fibre."’  The  performance  of  the 
compound  and  its  interaction  with  the  fibres  and  cable 
materials  must  be  evaluated  and  take  account  of  such  issues  as 
compatibility  and  compound  drip/separation.  In  addition  to  this 
the  rheological  properties  of  the  compound  are  also  of 
paramount  importance,  both  from  the  point  of  cable  processing 
and  cable  performance. 

The  need  to  evaluate  new  filling  compounds  arose  due  to  a 
requirement  to  change  to  higher  performance  materials  in  order 
to  expand  the  potential  market  place.  It  was  decided  an 
essential  part  of  this  strategy  was  a  change  from  ’hot’,  to 
’cold’  fill  processing. 

In  undergoing  a  transition  from  hot  fill  processing  with  a 
polybutene/polythene  mixture  to  a  cold  fill  situation  where  one 
relies  upon  shear  to  break  down  particulate  bonds  and  create 
molecular  orientation  enabling  free  flow,  the  use  of  a  cone 
penetrometer  was  not  considered  suitable  to  provide 


characterisation  of  such  materials.  In  this  paper  an  alternative 
approach  was  implemented  where  a  controlled  shear  rate 
viscometer  was  used  to  produce  rheological  data  on  shear 
thinning  compounds.  It  will  be  shown  how  this  was  related  to 
both  ease  of  cable  processing  and  cable  performance  by 
enabling  a  map  of  the  desired  compound  properties  to  be 
generated.  This  proved  invaluable  in  reducing  the  number  of 
development  trials,  quick  screening  of  materials  and 
maintaining  quality  control. 

2.  BACKGROUND 

The  hot  fill  approach  to  filling  compound  injection  which  relies 
upon  heat  to  create  the  desired  blend  before  subsequent  transfer 
has  two  fundamental  associated  problems: 

(7).  There  is  a  risk  of  exposing  the  fibres  to  sudden 
thermal  shock  which  may  result  in  a  deterioration  in  fibre 
strength.  Furthermore  the  highly  fluid  state  of  the  filling 
material  will  enhance  the  possibility  of  fibre  cross  over  within 
the  tube. 

(2).  The  material  viscosity  is  very  temperature 
dependant  in  comparison  to  cold  fill,  resulting  in  leakage  at 
elevated  temperature  and  solidification  at  low  temperature 
which  invariably  affect  cable  reliability  and  performance. 

To  overcome  these  problems,  it  was  necessary  to  change  to 
cold  filling  of  fibre  optic  cables  with  the  added  benefit  of 
increasing  export  capability. 

To  study  a  selection  of  hydrocarbon  based  cold  fill  compounds 
a  viscometer  was  used  to  try  to  provide  as  much  information 
about  the  flow  behaviour  of  the  material  as  possible.  A 
compound  has  to  be  evaluated  in  this  respect  to  cover  two 
important  areas: 

(1) .  Processing  -  the  viability  of  pumping  at  ambient 
temperature  while  closely  maintaining  excess  levels  and 
producing  consistant  material  behaviour. 

(2) .  In-cable  performance  -  will  a  fibre  or  ribbon  be 
able  to  move  freely  within  the  compound  over  the  operational 
temperature  or  would  attempt^  movement  result  in 
buckling/twisting  due  to  resistance  to  motion. 

This  paper  will  demonstrate  that  rheological  analysis  is  an 
excellent  tool  to  critically  evaluate  the  suitability  of  compounds 
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by  providing  more  information  than  a  cone  penetration  test, 
and  information  that  allows  discrimination  between  compounds 
to  be  more  readily  achieved. 

3.  METHODOLOGY 

The  analysis  of  a  filling  compound  by  means  of  a  cone 
penetrometer  will  give  a  comparitive  measure  of  the  physical 
state  of  the  material.  Typically  just  one  reading  would  be 
attained,  this  in  itself  would  not  characterise  the  flow 
behaviour  of  the  material  as  to  whether  it  is  newtonian  or  non- 
newtonian,  neither  would  it  give  an  indication  of  thixotropy  or 
absolute  values  of  viscosity. 

In  order  to  determine  more  about  the  material  it  would  be 
necessary  to  vary  the  loading  on  the  cone  and  measure  the 
penetration  achieved.  Subsequently  the  load  would  have  to  be 
converted  into  a  shearing  stress  and  the  penetration  into  a 
velocity  gradient.  When  plotted,  a  curve  similar  to  that  of  a 
flow  curve  can  be  generated.®  Ultimately  the  determination  of 
viscosity  and  other  related  parameters  would  not  be  an  easily 
achievable  task  using  this  method. 

Alternatively,  the  viscometer  is  able  to  give  a  portrait  of  many 
rheological  parameters  of  the  material,  which  can  also  be 
measured  as  a  function  of  temperature,  such  as  flow  behaviour, 
degree  of  thixotropy  and  yield  stress. 

The  basis  of  measurements  taken  comes  from  flow  curve 
generation  where  the  material,  from  a  position  of  rest,  is 
exposed  to  linearly  increasing  shear  rate.  The  corresponding 
material  resistance  to  shear  is  recorded  from  which  the  shear 
stress  is  obtained.  Plotting  the  two  functions  gives  the  flow 
curve,  this  can  be  used  to  model  the  behaviour  of  the  material. 


FIGURE  1.  Pseudoplastic  behaviour 


SHEAH  HATED 


FIGURE  2.  Viscoplastic  behaviour 


Figures  1  and  2  are  two  types  of  flow  curve  which  appear 
similar  but  are  significantly  different  when  characterising  the 
behaviour  of  a  filling  compound.  Figure  1  shows  a 
pseudoplastic  material,  it  does  in  fact  have  three  stages  which 


would  be  highlighted  on  a  log-log  viscosity  plot  of  the  viscosity 
curve.  A  newtonian  region  exists  at  low  shear  (<10'’s  '),  a 
shear  thinning  region  where  there  is  molecular  orientation  and 
particulate  bonding  breaks  down,  and  a  newtonian  region  at 
high  shear  rate  where  the  viscosity  will  remain  relatively 
constant. 


The  curve  shown  does  not  however  exhibit  a  yield  stress  value, 
that  is  the  flow  curve  passes  through  the  origin.  An  ideal 
filling  compound  will  however  show  a  yield  stress  as  shown  in 
figure  2,  where  the  material  is  then  no  longer  classified  as 
pseudoplastic  but  instead  viscoplastic.*” 


The  subtle  difference  that  occurs  in  the  viscosity  curve  is  that 
as  shear  rate  tends  to  zero  the  viscosity  will  tend  to  infinity. 
This  is  seen  from  the  equation  for  viscosity ,'t  takes  a  constant 
value  as  i'  tends  to  zero. 


Hence:  r^=X-»ooas 


Where  -  Apparent  viscosity 
T  =  Shear  stress 
O  =  Shear  rate 


Typically  one  is  interested  in  measuring  the  yield  stress  of  a 
material  as  this  will  give  an  indication  of  the  resistance  that 
would  be  encountered  by  a  fibre  when  trying  to  move  through 
the  compound.  If  it  cannot  move  freely  then  buckling  and 
breakage  could  occur. 

It  is  difficult  in  generating  a  standard  flow  curve  to  obtain  a 
precise  value  for  yield  stress  due  to  the  wide  shear  range 
covered  which  fails  to  focus  on  the  critical  low  shear  range. 
Normally  separate  testing  would  have  to  be  done.  However  it 
is  possible  to  apply  a  model  to  a  smooth  flow  curve  and  from 
a  good  fit  to  get  an  indication  of  the  yield  stress. 

There  are  mathematical  models  available  which  can  be  used  to 
estimate  the  yield  stress  for  example  Herschel  Bulkley, 
Bingham  and  Casson.*” 

In  attempting  to  fit  a  number  of  models  to  a  flow  curve  of  a 
filling  compound  it  is  shown  in  figure  3  that  an  ideal  fit  was 
found  using  the  Casson  model. 

The  Casson  equation  is  gven  by: 

✓Tau  -/TauO=yi:Eta.D)  (1) 

Where:  Tau  =  Shear  stress 
TauO  =  Yield  stress 
Eta  =  Apparent  viscosity 
D  =  Shear  rate 
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EIGURE  4.  Shear  sequence  for  yield  stress  determination 

It  can  be  seen  that  initially  the  rate  of  increase  is  minimised 
thus  highlighting  the  initial  case  of  material  flow.  The 
generated  flow  curve  is  plotted  on  a  log-log  graph  (figure  5) 
where  the  following  effect  is  seen  for  a  material  exhibiting  a 
yield  stress. 


FIGURE  3.  Flow  curve  with  fitted  Casson  model 

A  correlation  coefficient  (R^  of  0.99  is  given  indicating  an 
almost  perfect  fit  in  this  particular  case.  The  model  gives  a 
TauO  v^ue  of  65Pa  which  can  be  interpreted  as  the  true  yield 
stress  of  the  material. 

This  model  was  originally  used  to  describe  the  behaviour  of 
printing  inks  (based  upon  a  system  of  mutually  attractive 
particles  suspended  in  a  newtonian  medium)*^.  It  can  be  seen 
from  these  results  that  it  provides  a  valid  basis  for  a  flow  curve 
model.  However  with  the  range  of  compounds  considered  it 
was  not  possible  to  achieve  a  strong  correlation  each  time  as 
the  majority  did  not  show  ideal  behaviour,  hence  the  yield 
stress  was  determined  by  using  physical  testing  at  low  shear 
rate. 


The  determination  of  yield  stress  is  open  to  personal 
interpretation,  for  example  a  static  method  such  as  the  creep 
test  using  a  controlled  stress  viscometer  is  limited  by  the  fact 
that  the  yield  stress  measured  is  totally  depndant  upon  the 
duration  of  the  test,  infact  it  has  been  argued  that  for  infinitely 
long  measurement  times  that  no  yield  stress  is  observed.®  In 
the  dynamic  test  the  yield  value  is  determined  by  extrapolation 
of  the  flow  curve  and  thus  the  lowest  shear  rate  range  covered 
will  influence  the  recorded  value.  Thus  in  the  case  of  a  zero 
shear  rate  the  flow  curve  would  pass  through  the  origin  and  no 
yield  stress  would  be  present. 


FIGURE  5.  Flow  curve  for  material  exhibiting  a  yield  stress 


Figure  5  shows  that  a  constant  stress  response  is  being 
encountered  at  the  lowest  shear  rate,  defined  as  the  yield 
stress.  This  can  be  thought  of  as  the  resistance  to  movement 
that  the  optical  fibres  would  have  to  overcome.  In  a  compound 
not  exhibiting  a  yield  stress  the  curve  would  continue  on  a 
downwards  trend. 


To  measure  a  quantity  which  would  be  classified  for  all 
purposes  as  the  yield  stress  of  a  material  a  test  sequence  was 
devised  which  would  measure  the  resistance  to  flow  of  the 
compound.  The  test  is  based  upon  a  logarithmic  increase  in 
shear  rate  which  allows  resolution  at  the  low  shear  rate  region, 
as  shown  in  figure  4. 


It  is  possible  to  make  these  measurements  over  an  operational 
temperature  range,  which  can  become  increasingly  important 
for  low  temperature  applications  where  the  ability  of  fibres  to 
move  can  be  critical  to  the  cable  design. 

During  the  analysis  of  filling  compounds  by  means  of 
rheological  testing,  two  distinct  requirements  were  looked  for, 
the  processability  of  the  material  at  ambient  temperature  and 
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me  performance  of  the  material  over  the  operational 
temperature  range. 

A  selection  of  commercially  available  compounds  were 
analysed  including  the  hot  fill  material.  Using  these  results  and 
production  trial  experience  key  rheological  parameters  were 
identified  to  indicate  performance. 


material  would  at  processing  temperature  give  a  flat  newtonian 
response,  however  a  comparison  at  ambient  highlights  the  key 
differences  between  the  two. 

Most  noticeable  is  the  absence  of  shear  thinning  behaviour  in 
the  hot  fill  material,  the  viscosity  remains  fairly  constant  and 
will  remain  at  this  level  after  processing,  this  has  implications 
on  both  the  temperature  performance  of  the  material  and 
optical  performance  of  the  loose  tube. 


Ultimately  the  requirement  is  to  be  able  to  fill  a  loose  tube  or 
slotted  core  with  compound  at  ambient  temperature  using 
commercially  available  equipment,  taking  into  account  the 
performance  requirements  of  the  filled  component.  This 
requires  consideration  of  the  following  parameters. 

4. 1 1  Shear  thinning  behaviour 

A  compound  must  for  ambient  application  have  a  degree  of 
fluidity  such  that  it  can  fill  an  extruding  tube  or  slotted  core  at 
a  rate  commensurate  with  the  production  speed.  In  the  case  of 
loose  tube  the  material  must  be  able  to  flow  faster  than  the 
forming  tube  to  achieve  back  pressure  and  complete  tube 
filling. 

If  this  degree  of  fluidity  was  representative  of  the  material  in 
the  free  standing  state  then  one  would  have  a  problem 
associated  with  leakage  of  compound  from  the  tube.  Thus  the 
ideal  material  should  possess  shear  thinning  behaviour, 
implying  that  the  viscosity  of  the  material  will  decrease  as  the 
degree  of  shear  increases.  The  determination  of  this 
characteristic  is  relatively  simple,  a  flow  curve  for  the 
compound  is  produced  and  from  this  the  relationship  between 
viscosity  and  rate  of  shear  is  identified. 


In  the  former  case  the  material  is  exhibiting  a  relatively  low 
viscosity,  thus  when  heat  is  applied  a  further  reduction  will 
make  the  compound  fluid  enough  to  start  flowing.  This 
accounts  for  the  poor  temperature  performance  of  such 
materials  and  explains  why  leakage  of  the  compound  has  been 
seen  at  40°c. 

The  cold  fill  material  gives  a  different  response.  Initially  it  is 
a  gel  like  structure,  it  is  on  the  application  of  shear  converted 
into  a  mobile  fluid  which  may  be  pumped  at  ambient 
temperature,  the  reason  for  this  is  the  breakage  of  particulate 
bonds  and  the  change  in  its  molecular  onci.iation. 

The  viscometer  can  be  used  to  measure  the  degree  of  shear 
thinning  of  a  compound,  ideally  one  is  looking  for  a  material 
whose  viscosity  decreases  most  rapidly  upon  shear,  decreasing 
the  requirement  of  the  pumping  system  and  enabling  a  faster 
rate  of  flow.  It  has  been  found  that  in  the  production  of  loose 
tube  that  a  base  viscosity  of  lOPas  should  not  be  exceeded. 

Of  equal  use  in  determining  processability  is  analysis  of  the 
flew  curve  which  can  highlight  effects  not  seen  in  the  viscosity 
curve.  Often  a  viscosity  curve  will  not  show  initial  materi^ 
response,  which  can  be  a  key  factor  in  processing  and 
performance.  The  following  figures  show  examples  of  how  a 
flow  curve  can  be  practically  applied. 


Figure  7  shows  the  flow/viscosity  curve  for  a  compound  used 


Figure  6  shows  viscosity  curves  for  a  hot  and  cold  fill  in  a  production  trial.  The  initial  impression  given  by  the 

material,  both  measured  at  ambient  temperature.  The  hot  fill  viscosity  curve  is  that  the  material  shows  ideal  shear  thinning 
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behaviour  for  processing,  which  was  in  fact  correct.  However 
it  was  virtually  impossible  to  achieve  an  excess  within  the  tube. 
This  is  believed  to  be  as  a  result  of  the  fibres  being  unable  to 
move  freely  as  tube  shrinkage  was  occuring.  Analysis  of  the 
flow  curve  shows  that  the  material  is  exhibiting  undesired 
behaviour  with  a  distinct  yield  at  550Pa. 

A  similar  example  occured  in  the  case  of  a  slotted  cable 
incorporating  a  four  fibre  ribbon.  The  filling  compound  had 
been  successfully  used  before  and  in  this  particular  case  the 
material  had  come  within  the  specification  of  the  cone 
penetration  test.  On  production  the  cable,  which  relies  upon 
excess  ribbon  to  compensate  for  operational  tension,  showed 
excessive  losses  and  point  defects  at  1550nm  as  shown  in  table 
1. 


COLOUR 

loss  atlSSOnm 
dR/Km 

RED 

5.99 

ORANGE 

4.76 

GREEN 

1.46 

BLUE 

1.45 

TABLE  1.  Optical  performance  of  four  fibre  ribbon  at  ISSOnm 


The  optical  losses  experienced  were  associated  with  bunching 
of  the  ribbon  and  its  inability  to  move  freely  within  the 
compound.  Rheological  testing  revealed  that  the  material  was 
not  showing  expected  behaviour. 
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FIGURE  8.  Comparison  of  flow  curves 

The  material  which  caused  the  attenuation  problems  had  a 
distinct  yield  point  at  about  lOOOPa,  by  theory  this  can  be 
attributed  to  the  presence  of  a  higher  concentration  of  particles 
and  larger  particle  size  giving  a  stronger  structure  more 
resistant  to  flow.'^It  can  be  seen  that  once  this  peak  is 
overcome  that  the  material  starts  to  behave  as  was  originally 
expected,  however  such  effects  can  only  be  of  interest  from  a 
processing  point  of  view. 


Movement  of  fibre  in  service  will  be  associated  with  low  rates 
of  shear  which  would  not  normally  be  seen  using  the  cone 
penetrometer.  This  highlights  the  immense  value  of  rheological 
testing  both  from  an  evaluation  and  quality  control  point  of 
view. 

4.12  Thixotropy 

Production  of  a  cable  will  inevitably  involve  shear  working  of 
a  filling  compound.  In  the  case  of  a  cold  fill  material  this  shear 
working  is  the  sole  mechanism  by  which  a  higher  degree  of 
fluidity  is  achieved.  An  important  consideration  is  the  time 
taken  for  the  material  to  recover  its  original  properties,  defined 
as  the  thixotropy  of  the  material.  It  is  important  to  establish 
whether  the  material  remains  in  the  fluid  state  for  a  period  of 
time  after  production  or  whether  it  should  have  rapid  structure 
regeneration. 

To  answer  this  question  an  analysis  was  conducted  on  the 
output  of  a  hot  filling  line  (where  the  material  will  be  fluid  for 
considerable  time)  and  a  cold  fill  line  where  the  material  was 
known  to  show  very  little  thixotropy. 

For  a  sample  of  SOO  loose  tubes  produced  under  hot  fill  and 
cold  fill  circumstances  a  count  was  taken  of  fibres  showing 
defects  at  ISSOnm.  It  was  found  that  a  far  higher  defect  count 
existed  in  the  hot  fill  process,  approxiamately  five  times  that 
of  the  cold  fill.  It  is  believed  that  the  explanation  for  this  lies 
in  the  state  of  the  material  just  after  the  injection  point.  In  the 
case  of  hot  fill  the  material  is  highly  fluid  and  offers  little 
support  to  the  fibres,  the  cold  fill  material  with  little  thixotropy 
will  help  to  lock  the  fibres  together  maintaining  their  positions, 
thus  minimising  the  chance  of  defects. 

A  compound  should  be  selected  on  the  basis  that  it  will  allow 
the  ilbre  to  move  freely  if  it  requires  to  reposition  to  a  state  of 
equilibrium,  and  that  this  will  still  be  the  case  if  the 
temperature  decreases.  Given  that  this  selection  has  been 
correctly  made,  to  minimise  the  probability  of  defects  occuring 
the  compound  should  return  to  this  state  as  soon  as  possible  on 
the  removal  of  a  shearing  stress.  It  is  not  necessary  for  the 
shear  thinned  structure  to  remain  as  a  result  of  the  original 
selection. 

Hence  the  viscometer  can  be  used  to  look  at  post  injection 
behaviour  of  a  sheared  material  to  select  one  which  shows  a 
minimal  degree  of  thixotropy.  Figure  9  shows  such  a  situation. 


FIGURE  9.  Thixotropic  response  comparison 
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The  graph  shows  two  flow  curves  that  were  produced  by 
submitting  the  compounds  to  a  linearly  increasing  degree  of 
shear  rate  over  a  set  period  of  time  and  then  returned  to  rest 
under  the  same  conditions.  It  can  be  seen  that  one  of  the 
compounds  is  not  recovering  its  original  structure  in  the  set 
time  period,  thus  exhibiting  thixotropic  behaviour.  The  other 
compound  is  not  showing  thixotropic  behaviour  as  it  is 
recovering  its  stucture  almost  instantaneously.  Thus  in  the  case 
of  the  thixotropic  compound  the  original  structure  will  not  be 
regained  until  after  the  tube  is  produced  and  as  has  been 
shown,  maintaining  fluidity  can  increase  the  likelyhood  of 
defects. 

4.2  Optical  Performance  of  cable 

The  inter-relationship  between  cable  performance  and  the 
physical  properties  of  a  filling  comptound  is  highly  complex 
matter  related  to  the  movement  of  fibres  in  fluids.  An  attempt 
was  made  to  create  a  simple  model  that  related  the  movement 
of  a  ribbon  in  a  horizontal  slot  to  the  yield  stress  of  the 
compound. 

A  simple  case  was  considered  of  two  ribbons  in  a  slot  which 
restricts  the  movement  of  the  ribbon,  there  is  an  overfeed  of 
ribbon  within  the  cable  as  it  ultimately  operates  under  tension. 

The  model  is  based  upon  the  following  assumptions: 

1 .  The  ribbon  moves  only  in  one  direction 

2.  The  redistribution  of  excess  occurs  in  one  movement 

3.  The  effect  of  cable  loading  is  not  considered. 

On  the  basis  of  a  report'"”,  it  was  assumed  that  losses  due  to 
macrobending  would  occur  at  a  radius  of  curvature  of  20mm, 
which  in  this  case  corresponds  to  a  wavelength  of  29.5mm. 

For  such  a  situation  the  relationship  between  wavelength  and 
%  overfeed  is  given  by: 

<\=  lOTTa.x''^  (2)'"” 

where  a  =  amplitude  of  wave  form 
X  =  percentage  overfeed. 

Substituting  in  (2)  for  a  wavelength  of  29.5mm  yields  an 
overfeed  of  1.37%,  which  compares  to  a  production  average 
of  0.52%. 

For  a  1.37%  excess  to  redistibute  to  an  average  0.52%  excess, 
a  length  of  1.37/0.52  =  2.634m  of  ribbon  is  required. 

The  axial  force  associated  with  a  bunched  ribbon  is  given  by: 

F  =  4.-tT^.B.K^  (3)'”" 

Where  B  =  Flexural  rigidity  of  the  ribbon 

For  the  purpose  of  the  model,  in  the  case  of  a  cable  made  up 
of  two  eight  fibre  ribbons  in  the  slot  acting  as  one  unit,  the 
flexural  rigidity  is  given  by  16  xl.02Nmm^  =  16.32Nmm^ 

This  results  in  using  equation  3  of 

F  =  4  X  3.14^  X16.32  x  29.5^ 

=  0.74N 


For  the  ribbon  to  move  the  material  surrounding  it  must  flow, 
for  this  to  happen  the  yield  stress  of  the  material  must  be 
exceeded.  Hence  the  axi^  force  of  the  bunched  ribbon  must  be 
sufficient  to  achieve  this. 

For  this  purpose  the  area  of  the  ribbon  is  considered  as  the 
area  of  the  two  flat  faces,  which  is  10,500  x  10'‘m’ 

Given  that  stress  =  force 
area 

Then  for  ribbon  movement  to  occur,  the  yield  stress  must  be 
less  than  70Pa. 

In  practice  a  yield  stress  of  90Pa  has  given  succesful  results, 
however  a  value  of  140Pa  showed  significant  losses  in  the 
cable.  The  operation  at  a  higher  level  is  probably  due  to  the 
effect  of  tensioning  of  the  cable  which  the  above  analysis  did 
not  consider.  The  simplified  model  has  however  provided  a 
valuable  insight  into  the  relationship  between  fibre  movement 
and  yield  stress. 

From  the  above  it  can  be  seen  that  the  filling  compound  plays 
an  important  role  on  the  performance  of  such  a  cable.  To 
demonstrate  this  practically,  trials  were  undertaken  on  two 
cables  containing  a  ribbon  within  a  slotted  rod,  each  had  a 
different  filling  compound.  The  cables  were  put  under 
increasing  load  and  the  attenuation  measured.  As  the  load  on 
the  cable  increased  the  attenuation  levelled  out  as  the  excess 
was  removed,  the  results  showed  that  the  loading  level  at 
which  this  occured  differed  for  the  cables  and  this  was  related 
to  the  filling  compounds  used  as  shown  in  figure  10. 


Compound  B 


Compound  A 
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FIGURE  10.  Optical  performance  of  slotted  cable  as  a 
function  of  load 

For  compound  A  the  attenuation  did  not  equilibriate  until  a 
cable  strain  of  0.3%  was  achieved,  for  compound  B  this 
occured  at  0.17%. 

Cone  penetration  of  the  two  materials  gave  values  of  270dmm 
for  compound  A  and  310dmm  for  compound  B,  a  difference 
which  does  not  indicate  a  major  variation.  Yield  stress  analysis 
gave  values  of  90Pa  and  45Pa  respectively  as  shown  in  figure 
II. 
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It  is  interesting  to  note  that  a  50%  decrease  in  yield  stress 
leads  to  a  approxiamately  50%  reduction  in  load  required  for 
the  operational  performance  of  the  cable  to  be  reached.  In 
terms  of  cone  penetration  of  the  compound  the  relationship  is 
not  so  clearly  defined,  and  this  emphasises  the  importance  of 
rheological  analysis  of  filling  compounds  in  conjunction  with 
cable  design. 


The  paper  has  shown  for  filling  compound  analysis  the  superior 
value  of  rheological  testing  over  cone  penetration.  It  has  been 
shown  that  it  is  an  essential  tool  for  material  selection  both  in 
terms  of  physical  properties  and  processing.  Initial  results 
indicate  the  quantitative  use  of  rheological  analysis  in 
predicting  the  performance  of  fibre  within  filled  cable. 
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ARSTRACT 

The  useful  life  of  polyethylene  insulation  in  open  access  aboveground 
closures  can  be  substantially  extended  if  its  temperature  is  decreased 
during  the  "hot"  hours  of  the  day.  Pedestal  test  facilities  were 
constructed  in  New  Jersey,  and  the  following  year,  in  Mesa,  Arizona. 
Internal  temperature  reductions  were  achieved  by  convection  cooling, 
internal  venting,  thermal  insulation,  and  light/heat  reflection.  By 
utilizing  a  vented  white  metal  pedestal  cover  we  kept  internal  pedestal 
temperatures  within  3  °F  (2  °C)  of  the  surrounding  air  and 
approximately  18  ”F  (10  'C)  cooler  than  the  unshielded  standard  green 
pedestals. 

We  anticipate  that  the  remaining  useful  service  life  of  the  polyethylene 
insulated  conductors  in  pedestals  could  be  at  least  doubled  under  these 
conditions.  More  precise  information  on  the  slowing  of  thermal 
oxidative  insulation  aging  will  be  available  following  the  completion  of 
the  tests  at  Mesa. 

Finally,  many  of  the  results  reported  herein  can  be  applied  to  the  fiber 
plant  as  well. 


INTRODUCTION 

Widespread  failures  of  polyethylene  insulated  conductor  (PIC) 
insulations  in  the  field' have  led  to  improved  stabilizer  systems  for 
insulations^.  There  remains,  however,  a  very  large  number  of  open 
access  telephone  pedestals  which  contain  PIC  cable  insulations 
considered  to  be  "at  risk"  of  premature  failure.  Not  all  minimally 
stabilized  product  will  necessarily  crack.  That  likelihood  is  dependent 
upon  the  actual  stabilizer  content,  its  dispersion,  polymer  stress,  etc.  as 
well  as  the  climate  (primarily  the  temperature)  at  the  specific 
geographic  location  of  the  telephone  pedestal. 

It  is  apparent  that  if  we  could  reduce  the  internal  pedestal  temperature 
during  the  hotter  hours  of  the  day,  we  could  significantly  extend  the 
useful  life  of  the  PIC  insulation.' 

In  this  paper  we  describe  several  methods  which  may  be  employed  to 
substantially  lower  the  internal  pedestal  temperatures.  Their  efficacy 
and  cost  vary  considerably.  Some  technologies  will  be  more  applicable 
to  rehabilitating  existing  plant,  while  others  are  better  suited  to  the  new 
pedestal  plant. 


EXPERIMENTAL 

These  experiments  were  conducted  in  two  parts:  First  we  conducted  a 
trial  at  our  Navesink  (Red  Bank,  New  Jersey)  Laboratories.  Standard  6 
X  6  X  48  inch  high  green  telephone  pedestals  were  installed  on  an 
unshaded  grassy  knoll  to  determine  the  effect  that  their  color  and 
design  have  on  their  internal  temperatures.  Those  temperatures  were 
measured  as  a  function  of  color,  venting,  insulation,  and  plastic  or  metal 
covers.  Standard  and  "semi-sealed"  pedestals  were  compared  as  well 
as  the  affect  of  heavy  copper  cable  loading. 

Having  analyzed  the  data  from  the  Red  Bank  tests,  we  took  our  best 
and  most  feasible  i.  e.,  field  installable,  modifications  and  trialed  them 
in  a  hot  Southwest  location  (Mesa,  Arizona).  There  we  also  included  a 
metal  pedestal  painted  beige,  plastic  pedestals,  and  a  10  inch  green 
metal  pedestal  adapted  for  and  containing  fiber  optic  cables  and 
equipment. 

The  temperatures  of  the  pedestals  were  monitored  near  the  top  and  the 
bottom  of  their  terminal  plates  and  in  their  bases.  The  shield 
temperatures  of  covered  pedestals  were  also  recorded.  In  all  cases  the 
results  were  compared  to  those  obtained  on  the  standard  green  pedestal 
in  the  same  lime  period  to  eliminate  any  systematic  errors. 

The  pedestals  (non-fiber)  in  the  Mesa  Arizona  field  trial  each  contained 
an  installed  copper  cable.  By  measuring  the  remaining  thermal 
oxidative  induction  times  (OIT)  on  both  foamed/skin  and  solid 
conductor  insulations  we  intend  to  accurately  project  the  increased 
service  life  resulting  from  these  pedestal  modifications. 


Equipment  Detail 

Pedeatak: 

At  Navesink:  We  used  PC  6/48A  type  standard  steel  pedestals 
manufactured  to  the  requirements  of  Bellcore  Technical  Reference 
TR-TSY-000013  and  painted  green.  Certain  pedestals  were  repainted 
either  white,  silver  -  aluminum,  or  black.  The  pedestals  were  installed 
in  the  earth  to  their  indicated  "ground  line".  The  effect  of  cable 


t  Telephone  pedestals  t\pe  PC  6/48A  manufactured  hy  Champion  Metal  Products, 
Strafford.  MO. 
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loading  was  determined  by  installing  six  cables  (containing  a  total  of  600 
conductor  pairs)  from  the  earth  through  the  typical  gravel  base  into  the 
splice  chamber  of  a  reference  pedestal.  Two  "semi-sealed"  pedestals 
were  also  used,  for  a  total  of  twelve  ready  access  units. 

Some  pedestals  were  vented  by  cutting  slots  (  3/8  inch  by  3  inches)  in 
the  doors  (2  14  inches  from  the  top  and  one  inch  from  the  bottom). 
The  openings  were  shielded  from  the  rain  by  metal  awnings  angled  at 
45°.  Other  pedestals  were  covered  to  protect  them  from  the  sun’s  rays. 
Commercial  plastic  (HOPE)  flood  covers  were  used.  They  provided 
about  one  inch  of  space  around  the  pedestals  and  2  M  inches  above 
them.  In  some  cases  we  replaced  the  air  barrier  with  commercial 
fiberglass  insulation.  Some  of  the  covers  were  painted  white,  others 
were  left  green  as  received. 

Finally,  some  pedestals  were  shielded  with  vented  covers.  We  modified 
the  plastic  flood  covers  which  we’ve  just  described  and  had  metal  covers 
custom  fabricated  from  (1/16  inch)  aluminum  to  approximately  the 
same  dimensions.  In  both  cases  twenty  %  inch  holes  were  evenly  placed 
around  the  covers  one  inch  below  their  tops  to  provide  air  circulation 
from  their  open  bases  around  the  pedestals  to  their  tops.  Some  of 
these  plastic  and  metal  covers  were  painted  white  while  others  were  left 
unpainted. 


At  Mesa:  We  installed  PC6/48A  metal  pedestals  in  standard  green, 
painted  white  or  beige,  and  green  with  a  while  aluminum  vented  cover 
(as  described  above).  We  also  installed  two  kinds  of  plastic  pedestals 
(green),  a  flood  cover  type  and  a  sealed  dual  chamber  type.  In  addition 
we  placed  a  standard  10  x  10  x  54  inch  green  metal  pedestal  that  had 
been  adapted  for  fiber  optic  service,  for  a  total  of  14  pedestals. 


Thermocouples: 

Up  to  three  thermocouples  were  placed  in  each  of  the  pedestals^.  The 
two  top-most  sensors  were  located  behind  the  splice  plate,  one  near  its 
top  and  the  other  near  its  bottom.  The  third  thermoeouplc  was 
positioned  to  measure  the  temperature  in  the  pedestal  near  the  ground 
level.  In  covered  pedestals  the  third  thermocouple  was  attached  to  the 
inner  surface  of  the  shield  near  its  top  and  positioned  to  face  North 
(Figure  1).  The  sole  thermocouple  in  the  pedestal  containing  fiber 
optic  cables  and  equipment  at  Mesa  was  placed  in  the  optical  fiber 
connection  tray  located  approximately  eighteen  inches  below  the 
pedestal  top.  Additional  thermocouples  sensed  the  outdoor  air 
temperature  and  that  within  the  insulated  control  equipment  cabinet. 
There  the  thermocouples  were  connected  via  a  switchboard  to 


Tt  (tipper  TC)  located  OX  behind  and 
IX  bekin  lop  of  backplane 
<3X  beneath  pedestal  lop) 

T4  (Shield  TC)  boHed  to  inside  of  cover, 
6.0"  bdow  cover  top  (^for1h  side) 


TI  (Loner  TC)  located  OX  behind  and 
2.0”  above  bottom  of  backplane 
(18.0"  beneath  pedestal  top) 

T3  (Bottom  TC)  located  center, 
26.0"  beneath  pedestal  lop 


recorders. 


Cover  Vent  Potts 


Cover  (when  used)  1 


V 

Pedestal 


Thermocouple  Placement  In  Pedestals 


FIGURE  1 


We  used  two  types  of  recorders^.  One  unit  printed  the  hourly 
temperature  as  sensed  by  up  to  forty  thermocouples  while  the  second 
type  augmented  it  by  selectively  recording  up  to  five  signals  for  later 
computer  analysis.  (Figure  2)  A  third  datalogger,  similar  to  the  second 
was  also  used  during  critical  time  periods. 


K  typicai  thcimomnph  pndaced  by  Iho  M-SO  Datatomm 
(Naincrtcai  tcBpcralarc  data  arc  provided  every  dm  mlnatcs.) 


nGURE2 


Field  Locations  and  Test  Periods 


The  New  Jersey  pedestals  were  located  in  an  unshaded  grassy  area  at 
Bellcore’s  Navesink  Laboratories.  They  faced  East.  The  geographical 
coordinates  of  Bellcore’s  Navesink  Facility  in  Red  Bank  (Lincroft)  New 
Jersey  are  40.4°  North  Latitude  and  74.1°  West  Longitude.  The  test 
period  began  on  Augu.st  2,  1990  and  it  continued  into  November  of  that 
year. 

The  Arizona  test  site  is  on  an  earthen  area  at  the  U  S  WEST 
Communications  field  service  facility  in  Mesa,  Arizona.  Its 
geographical  coordinates  are  33.4°  North  Latitude  and  111.8°  West 
Longitude.  There  the  test  period  began  on  June  5,  1991  and  as  of  this 
date  (August  1991),  it  still  continues.  (These  pedestals  also  faced  East.) 


RE.SULTS 


New  Jersey: 

We  analyzed  the  internal  pedestal  temperatures  averaged  over  the  six 
hours  from  10  AM  to  4  PM  Eastern  Daylight  Savings  Time.  The  solar 
heating  of  pedestals  during  ten  clear  sunny  days  in  August  (average 
temperature  80  to  90  °F),  resulted  in  an  internal  temperature  incrca.se 
of  20  °F  above  ambient.  By  simply  changing  the  pedestal’s  color  to 
white,  we  reduced  its  internal  temperature  by  13  °F!  (Figure  3  and 
Table  2) 


t  Ungrounded  type  K  thermocouples  with  one  .surteenth  inch  stainless  steel  sheath  and 
type  K  washer  thermocouples  (for  attachment  to  pedestal  covers)  manufactured  hy 
Omega  tingineenng.  Inc.,  Stamford.  CT, 

2  Model  .r02(rr  thermocouple  datalogger  with  scries  .tOPO  forty  channel  multiplexer  and 
model  5(1  datalogger,  all  manufactured  hy  filectronic  Controls  Oesign.  tnc..  Milwaukee 
OR. 
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Painting  a  pedestal  sUver-alumtnum  had  little  affect  since  that  color  is 
basically  a  light  neutral  grey.  Black,  however,  increased  a  pedestal’s 
interna!  temperature  rise  by  fifty  percent  when  compared  to  the 
standard  green.  The  color  of  an  object  is  clearly  closely  associated  with 
its  ability  to  reflect  or  absorb  solar  energy.  This  phenomenon  will  he 
examined  in  depth  below. 

We  covered  pedestals  to  observe  the  affect  of  isolating  them  from  the 
direct  rays  of  the  sun.  We  used  commercial  flood  covers  which  have  an 
open  base  and  act  as  a  bell  jar  over  a  pedestal  to  prevent  water  entry. 
The  air  within  the  aner.s  (and  the  pedestals),  unable  to  c.seape,  was 
essentially  trapped  upon  healing.  The  covers  increased  the  temperature 
change  within  the  pedestals  by  approximately  fifty  percent  as  compared 
to  that  in  uncovered  pedestals  of  the  same  color. 

If  those  covers  were  insulated  with  fiber  glass,  there  was  a  relatively 
slight  reduction  in  the  internal  pedestal  temperature  increase. 
However,  we  also  discovered  that  we  had  tightly  scaled  the  pedestals 
from  the  environment.  Moisture  evolved  from  the  bare  earth  within 
those  pedestals  could  not  escape  when  heated  by  the  sun.  Both  the 
while  and  green  covered  pedestals  developed  so  much  condensation 
that  they  were  internally  completely  covered  with  water  droplets  to  the 
extent  that  the  galvanized  metal  had  begun  to  corrode  on  its  edges. 

Wc  achieved  (he  grcatc.M  temperature  improvement  by  .shielding  a 
pedestal  with  a  white  vented  aluminum  cover.  The  internal  pedestal 
temperature  was  reduced  to  above  ambient.  The  sun’s  rays  were 
largely  reflected  by  the  white  metal.  With  the  cover  vented  both  at  its 

PEDESTAL  TEMPERATURE  INCREASE 

Internal  Pedestal  Temperature  Increase  (F) 
Pedestal  Status 

Std-  Green  (PC  6) 

White  Pointed 
Block  Pointed 
Std.  Grn.Vented  Door 
White.  Vented  Door 
Green  Plastic  Cover 
White  Plastic  Cover 
Grn.  Insulated  Cover 
Whltelnsuloted  Cover 
Grn.Plost.Vcnt  Cover 
White  Pi.  Vent  Cover 
White  Al.  Vent  Cover 

0  5  10  15  20  25  30  35 

Degrees  F  Above  Ambiant 

Temperoture  Increase 

F  A6oy«  Ambient  On  Swnry  Ooy* 


FIGURE  3 


ba.se  and  near  its  top.  air  heated  between  it  and  the  pedestal  quickly 
rose  and  escaped.  The  temperature  measured  on  (he  side  of  the  cover 
shaded  from  the  sun  was  within  a  degree  of  ambient.  While  plastic,  not 
having  the  thermal  c<indijctiviiy  of  aluminum,  provided  a  temperature 
reduction  to  f>  ®F  above  ambient.  Unpainted  aluminum,  whose  color  is 
specularly  that  of  a  light  grey,  was  p<Torcr.  The  green  vented  covers, 
while  worse  than  the  white  units,  were  .^y7  belter  than  the  unvcnlcd 
covers. 

To  increase  venting,  we  cut  slots  in  the  pedestal  doors  with  the  thought 
that  door  replacement  on  existing  field  pedestals  would  be  quick,  easy 
and  inexpensive.  The  temperature  in  the  white  pedestal  rose  only  ^  ®F 
above  ambient,  while  little  improvement  was  seen  in  the  green  pedestal. 
However,  by  venting  (he  pedestal  itself,  we  are  exposing  the  wire  works 
to  substantially  intreased  environmental  contamination. 


These  comparative  temperature  mca.suremenls  were  made  using 
unloaded  pedestals.  When  six  UK)  pair  cables  were  added  to  a  standard 
green  pcde.stal.  they  reduced  its  internal  temperature  by  4  ®F.  The 
temperature  was  measured  in  the  splice  area  behind  the  backplane. 
Dimensions  and  temperatures  arc  detailed  in  Table  .3. 

Table  4  compares  the  solar  heating  affect  in  New  Jersey  on  a  select 
group  of  pedestals  during  three  consecutive  months.  From  the 
relatively  hot  dav^  of  August  (87  ®F)  through  the  ci>ol  days  of  October 
(75  *F).  the  temperature  increase  within  the  standard  green  pedestals 
remains  at  a  constant  20  ®F.  During  that  lime  the  noon  st)lar  altitude  al 
40*  n«>rlh  latitude  has  changed  from  to  39®  with  a  resulting  air  mass 
increase  to  direct  solar  radiation  reaching  the  earth's  surface  (i.c., 
optical  path)  of  one  atmosphere  (from  an  air  mass  of  1.5  atmospheres 
to  2.5  atmospheres.)'*'^  This  results  in  a  decrease  i>f  the  incident  solar 
radiation  on  a  hi^ri/ontal  plane  al  the  earth’s  surface  fn>m 
approximately  2.3(X)  BTU/sq.ft./day  to  14(K)  BTL’s  al  the  latitude  of  the 
test  The  pedestals,  however,  being  tall  and  narrtm.  during  that 

lime  period  present  increasingly  effective  heatable  surface  to  the 
solar  rays.  The  result  is  an  extended  peak  healing  season  fi>r  the  wires 
within  the  pedestal  environment. 

Ar’LZonar 

Wc  determined  the  internal  pedestal  temperatures  averaged  both  from 
ten  AM  to  four  PM  (as  we  did  for  New  Jersey)  and  fri^m  eight  AM  to 
six  PM.  The  data  shivws  that  the  temperature  in  ArL/ona  rises  rapidiv 
to  a  broad  peak  before  drcTpping  in  the  evening.  On  sunny  dav.s  in  Nev 
Jersey,  the  temperature  rises  gradually  to  a  peak  in  the  early  afterni'’on 
and  then  decreases  gradually  W^dlc  the  internal  pedestal  temperatures 
follow  the  local  ambient  thermal  profiles,  the  differences  in  pedestal 
temperatures  in  New  Jersey  and  in  Arizona  were  remarkably  alike  At 
Mesa,  painting  a  pedestal  white  reduced  its  internal  temperature  14  ®F 
as  compared  with  the  standard  green  metal  pedestal  while  the  use  of  a 
while  vented  metal  cover  resulted  in  a  P  ®F  drop.  A  light  beige  paint 
decreased  the  pedestal  temperature  8  ®F.  A  scaled  green  plastic 
pedestal  exposed  the  wires  to  approximatelv  the  same  lempeiatures  as 
did  the  standard  green  metal  pedestal.  (All  pedestals  contained  an 
installed  copper  cable.)  Table  1  provides  details. 


PEDESTAL  TEMPERATURE  COMPARISON 
ARIZONA  &  NEW  JERSEY 


Internal  Temperature  Differences  t°F)  During  Sunny  Days 
As  Compared  To  The  Standard  (irrrn  Metal  Pedestal 


Pedestal  .Status 

At  Mesa, 
Arizona* 

At  Red  Bank, 
New  Jersey 

t 

A 

B* 

White  Painted  Metal 

-14 

-14 

-1.4 

Tan  Painted  Metal 

-s 

-8 

WTiitc  Al.  \  cnlcd  Cover 

•17 

-16 

•17 

White  Pla.stic  Ver^‘'d  Cover 

... 

-1.“; 

Green  Plastic  (Cj 

-0- 

1 

(ireen  Plastic  (CS)** 

-7 

-7 

•  Data  from  June  and  Julv,  IWl 

••  This  pedestal  contained  no 

internal  obsiruclions  or  plates. 

*  Temperature  differences  arc  averaged.  8  AM  to  6  PM. 
^  Temperature  differences  arc  averaged.  10  AM  to  4  PM. 


Table  I 
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The  temperature  of  the  large  green  pedestal  containing  fiber  optic  cable 
and  apparatus  was  monitored  in  the  fiber  splice  tray  which  is  about  18 
inches  from  the  pedestal  top.  There  the  temperature  was  about  two 
degrees  higher  than  at  the  same  location  in  the  standard  6  inch 
pedestal. 


DlSCL'SSlOJi 

Pedestal  Color 

Our  test  results  show  that  the  color  of  a  pedest  has  the  greatest 
influence  on  its  internal  temperature.  Several  phenomena  occur  when 
solar  radiation  impinges  upon  an  opaque  object.  Energy  that  is  totally 
reflected  from  the  object’s  top  most  surface  is  specularly  reflected  in 
the  manner  of  a  mirror  with  an  angle  of  reflection  equal  to  the  angle  of 
the  incident  radiation.  The  energy  reflected  would  have  the  spectral 
distribution  (or  color)  of  its  source  and  it  may  be  defined  as  a  surface’s 
gloss.^  Should  that  energy  penetrate  the  top-most  surface  (as  with  most 
real,  especially  ron-metallic  or  painted  metallic  objects),  it  would  be 
scattered  and/or  partially  (wavelength  selectively)  absorbed  according 
to  the  natuie  of  the  .substrate,  wavelength  of  the  radiation  and  any 
pigment  particles  present.  The  light  reflected  from  the  object  may  be 
considered  as  the  result  of  two  phenomena,  non-selective  scattering  and 
wavelength  selective  absorption.*  That  energy  which  is  not  diffusely  or 
specularly  reflected  (i.e.,  re-radiated)  is  absorbed  by  the  object  and 
heats  it.  The  quantity  of  energy  absorbed  is  dependent  upon  the 
absorptivity  and  the  emissivity  of  the  obj'-ct.  Most  good  absorbers  are 
also  good  radiators.  There  are  exceptions.  Depending  on  its  chemical 
and  physical  nature,  a  thin  black  oxide  or  sulfide  coaling  on  a  bright 
metallic  base  material  can  result  in  the  object’s  having  a  high  energy 
absorptivliy  and  a  lower  emissivity.^  These  conditions  are  not  readily 
realized.  We  believe  that  the  paint  on  the  standard  pedestal  probably 
provides  too  thick  a  film  to  impart  that  property  to  it. 

The  solar  radiation  reaching  the  earth’s  surface  is  spectrally  and 
quantitatively  reduced  by  transiting  the  atmosphere.  The  principal 
mechanisms  arc  Rayleigh  scattering,  Mie  scattering,  absorption  by 
ozone  and  absorption  by  water  vapor.'”  Ozone  effectively  absorbs  most 
of  the  solar  radiation  in  the  ultraviolet  region  of  the  solar  spectrum 
while  water  vapor  has  strong  absorption  bands  in  the  infrared.  The 
terrestrial  solar  spectrum  for  the  direct  component  of  sunlight  is 
presented  in  Figure  4."  The  result  is  a  solar  energy  reaching  the  earth 
which  is  approximately  2/3  visual  and  1/3  infrared  radiation.'^ 

The  proportion  in  which  the  energy  which  impinges  upon  a  telephone 
pedestal  is  reflected  or  absorbed  is  a  function  of  its  material  and  color; 
the  latter,  as  previously  described,  being  a  property  of  its  surface  a  ' 
near  surface  substrate.  A  white  painted  object  utili/ing  a  litanli  m 
)xidc  paint  will  reflect  88  to  95  percent  'f  the  i  icidcnt  .solar 
radiation  *  while  a  medium  green,  such  as  specified  by  Bellcore’s  TR- 
TSY-OOOOI3  for  pedestal  lyminal  closures,  will  reflect  only  20  percent 
of  the  incident  visual  light  and  even  less  of  the  infrared.  (Figure  .“i) 

The  beige  pedestal  trialed  at  Mesa  had  been  painted  a  very  light  color, 
almost  an  off-white,  yet  it  was  only  about  half  as  effective  as  white  in 
reducing  the  incrca.se  in  pedestal  temperature. 


Climatic  Factors 

We  have  examined  principally  the  affects  of  direct  solar  heating  on 
telephone  pedestals.  There  arc  three  other  factors  which  wc  will 
mention  briefly.  Cloud  cover  has  a  marked  influence  on  the  solar 
energy  which  reaches  the  earth’s  surface.  Clouds  betv.ecn  the  pedestals 
and  the  sun  may  bloc':  its  direct  radiation,  while  clouds  elsewhere  may 
scatter  some  of  that  energy  and  increase  the  diffuse  radiation. 
Depending  on  the  nature  of  the  cloud  cover  and  the  solar  altitude,  as 
little  as  10  to  20  percent  of  the  solar  energy  may  be  transmitted  to  the 
ground.'^  In  Table  2  wc  see  that  partly  suimy  days  reduce  pedestal 
solar  heating  10  to  30  percent.  .Since  wc  did  not  measure  cloud  cover, 
we  did  not  present  any  data  obtained  on  overcast  or  cloudy  days.  Air 
velocity,  also,  was  not  measured  at  the  test  site.  Rain,  as  expected,  has 
a  large  and  rapid  cooling  affect  on  pedestal  temperatures. 


X(nin) 

FIGURE  4 


SPECTRAL  ENERGY  REFLECTION 

Percent  Energy  Reflection 


Wavelength  (nm) 


White  it  Block;  Solar  Energy  Handbook 
Green:  Measured  Munseil  Wire  it  Coble  Centroid 


t  Munscll  color  standard  green  centroid  {color  designation  2..^Ci  5/12)  measured  by  the 

writer  using  a  sixteen  point  abridged  coUir  spccirophotomctcT  FIGURE  5 
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Environmental  Considerations 

Any  alteration  of  the  traditional  pedestal  results  in  a  change  in  the  wire 
works  environment.  The  standard  open  access  closures  provide  a 
semi-sealed  condition  for  the  telephone  plant.  The  suKstitution  of  a 
vented  door  subjects  the  wire  works  to  complete  contact  with  the 
external  environment  with  some  restriction  to  rain  entry.  At  the  other 
extreme,  we  found  that  the  unventcd  insulated  covers  fitted  tightly  over 
the  pedestals  so  as  to  effectively  seal  them  from  all  but  the  earth 
beneath  them.  Moisture  and  water  droplets  collected  on  all  surfaces. 
One  can  only  speculate  on  the  effects  such  a  condition  would  have  on 
the  telephone  system’s  electrical  connections. 

Field  History 

In  1972  P.  A.  Link  completed  a  nationwide  survey  on  the  status  of  PIC 
((low  density)  polyethylene  insulated  conductor)  insulations  in 
pedestals.'^  His  analysis  divided  the  nation  into  "heat  exposure"  regions 


PEDESTAL  TEMPERATURE  INCREASE 


Internal  Pedestal  Temperature  Increase  <^F) 
Above  Ambient  During  Sunny  Days 


Pedestal 

Variable 

Pedestal  Status 

August 

Sunny  Davs^ 

Aug.  Partially 
Sunny  Days” 

A.  Color 

Sid.  Green  (PC  6) 

20  ±  2*F 

18  ±  3 "F 

Std.  Green  (BSC6) 

19  i  1  -F 

While  (PC  6) 

7  *  1  ‘F 

— 

Silver-Aluminum  (PC  6) 

17  ±  1  “F 

11  ±  h'F 

Black  (PC  6) 

30  ±  1  "F 

26  ±  4*F 

B.  Cover 

Green  Plastic 

29  ±  2  "F 

26  i  4‘F 

(on  PC  6) 

White  Plastic 

11  ±  1 ‘F 

8  i  3’F 

C.  Vented  Shield 

While  Aluminum 

3  ±  1  ‘F 

1  i  1 

(on  PC  6) 

Bare  Aluminum 

7  ±  1  ‘F 

White  Plastic 

5  ±  1  ’F 

Green  Plastic 

21  ±  2T 

... 

(on  BSC6) 

Green  Plastic 

19  ±  1  ’F 

... 

^  10  days;  Average  daily  temperature  over  six  hour  period  (10  AM  to  4  PM) 
M  to  90  'F,  Mean:  87  ±  3  "F. 

'^2  days;  Mean  83  i  0 'F. 


Pedestal 

Variable 

Pedestal  Status 

Indicated  ^ 
Sunny  Days 

D.  Vented  Door 

Sli  Green  (PC  6) 

\6±  I  "F 

While  (PC  6) 

3  ±  1  "F 

(Unventcd  Control 

Std.  Green  (PC  6) 

18  ±  1  ^F) 

(Vented  Shield 

While  Aluminum  over  PC  6  3  ±  1  *F)  | 

^  4  days  (Oct.  14,16,17;  Nov.  .3) 

Average  daily  temperature  over  six  hour  period  (10  AM  to  4  PM) 
71  to  79  "F,  Mean:  75  ±  4  'F. 


Pedestal 

Variable 

Pedestal  Status 

Indicated 
Sunny  Days 

E.  Insulated  Cover 

Green  Plastic  over  PC  6 

16  i  2’F 

White  Plastic  over  PC  6 

6  ±  2*F 

(Uninsulated  Control 

Std.  Green  (PC  6) 

20  ±  3  ’F) 

(Vented  Shield 

While  Aluminum  over  PC  6 

4  i  1  'F) 

^  7  days  (Aug.  29,.lt);  .Sept.  21;  Oct.  3,5,14,17) 

Average  daily  tcmpeiaiurc  over  six  hour  period  (10  AM  to  4  PM) 
72  to  85  'F,  Mean:  77  i  5  "F. 


as  determined  by  the  aimual  number  of  days  plus  the  average 
temperature  greater  than  90  °F.  Later  work  by  T.  N.  Bowmer  et  al.'  ’* 
included  temperature  measurements  within  pedestals  in  New  Jersey  and 
Arizona.  Their  data  which  reported  peak  temperatures  is  comparable 
with  that  reported  here. 


CONCLUSION 

The  remaining  service  life  of  PIC  insulations  can  be  extended  by 
lowering  the  temperature  of  their  pedestal  environments.  In  outdoor 
pedestal  test  facilities  both  in  New  Jersey  and  Arizona  we  showed  that 
the  summer  sunny  day  temperature  within  the  standard  green  pedestal 
can  be  reduced  by  almost  10  °C  (18  °F).  This  thermal  reduction  can  be 
achieved  by  either  painting  the  pedestal  white  and  venting  it  (by 
replacing  the  door)  or  by  covering  it  with  a  vented  white  metal  shield. 
Although  Arrhenius  extrapolations  to  low  temperatures  are  imprecise,  a 
10  ’C  reduction  in  closure  temperature  should  at  least  double  the 
remaining  insulation  service  life.  (Samples  aged  at  the  Mesa  site  are 
currently  being  tested  to  determine  with  greater  precision  the  increased 
service  life  which  pedestal  temperature  reduction  will  impart  to  PIC.) 
Since  the  change  in  pedestal  color  has  the  greatest  affect,  depending  on 
u.se  location,  it  may  be  necessary  to  balance  the  aesthetic  rewards  of  the 
standard  green  and  the  cost  of  premature  plant  replacement. 
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CABLE  LOADING  AFFECT 


Tbr  Cable  L4>adiog  A/frcl  Oo  Interoal  l^rdcsLaJ 
Temperature  Duriog  SuDoy  Days ' 


Temperature 
Due  To  Solar 

Increase 
Healing  Cp 

Std.  Greco 

BackpUoe 

Location 

Pedestal  (PC  6) 

Upper 

Lower 

Without  Cables 
With  Cables’ 

19  ±  3 'F 

15  ±  3*F 

15  ±  rF 

10  ±  rF 

^  5  September  days 

Average  daily  temperature  over  six  hour  period  (10  AM  to  4  PM) 
73  lo  87  “F,  Mean:  80  *  6  ’F. 

Upper  temperature  measured  in  air  0^“  behind  and 
1^"  below  lop  of  backplane  (3^“  beneath  pedestal  lop) 
Lower  temperature  measured  in  air  O.^*  behind  and 
2.0“  above  bottom  of  backplane  (18.0“  beneath  pedestal  top) 
Note:  All  pedestal  comparisons  use  the  upper  pedestal 
temperature  measurements  urdcss  otherwise  indicated, 
since  wires  and  splices  are  present  in  (hat  area. 

^  Cable  loading  consists  of  six  100  pair  PIC  cables  extended 
from  the  earth  through  gravel  into  the  splice  area 


Table  2 


Table  3 
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PEDESTAL  TEMPERATURE  INCREASE 
IN  SUMMER  AND  FALL 


Internal  Pedestal  Temperature  Increase  CP)  Above  Ambient  During  Sunny  Days 


t 


Pedestal  Status 

August 

September  October 

Pamted  White 

7  ± 

1  'F (7)* 

8  i  0  ‘F  (2) 

7  ±  1  “F  (2) 

White  with  Vented  Door 

... 

3  ±  1  'F  (3) 

White  Al.  Vented  Cover 

3  ± 

1*F(9) 

4  ±  2  "F  (5) 

3  ±  1  -F  (5) 

White  Plastic  Vented  Cover 

5  ± 

1-F(7) 

7  -F  (1) 

7  ±  1  "F  (4) 

Std.  Green  (Conirut) 

20  ± 

2  "F  (8) 

19  ±  3  "F  (5) 

20  ±  3  'F  (5) 

Average  Ambient  Temperature 

87  ± 

3*F(10) 

80  ±  6  "F  (5) 

75  ±  3  "F  (5) 

Average  Temperature  Range 

80  to  90  "F 

73  to  87  "F 

7110  79  "F 

^  10  days  (August  23,4,12,17,18,26,27,29,30) 

5  days  (September  2,3,4,11,21) 

5  days  (October  3,5,14,16,17) 

Average  daily  temperature  over  six  hour  period  (10  AM  to  4  PM) 
^  Q  Indicates  the  number  of  days  that  data  was  available. 


Table  4 
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Influence  of  the  Quality  of  Plug-Jack  Connect  on  the 
Transmission  Characteristics 
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Abstract 

A  modular  telephone  plug  jack  is  a 
device  to  be  place  on  the  customer  side  of 
the  station  protector  and  is  an  interface 
between  customer  wiring  and  terminal 
equipment.  In  order  to  meet  the  demand  of 
reliability  and  functionality  performance, 
the  plug  and  jack  contacts  must  be  plated 
with  hard  gold  . 

In  this  paper,  we  dealt  with  some  hard 
gold  properties  such  as  coating 
composition,  hardness  , porosity,  contact 
resistance,  corrosion  resistance  and  hard- 
gold  coating  thickness.  We  also  study  the 
influence  of  hard-gold  coating  properties 
on  the  telephone  transmission  quality. 

Introduction 

D.G.T.  plan  to  achieve  the  target  of 
ISDN  in  2000.  For  the  service  of  narrow 
band  to  provide  are  still  dependent  on 
tradition  copper  cable.  For  the  reason  that 
how  to  promote  the  existing  OSP  loop 
quality  to  meet  the  demand  of  2B+D 
transmission  is  the  major  object  of  T.L. 
,OSP  laboratory.  In  modern  telecommunication 
system, plug  jack  play  a  importance  role  in 
determining  the  system  reliability.  One  of 
the  key  requirements  of  a  telephone 
transmission  is  to  establish  and  maintain 
an  undisturbed  flow  of  electric  current 
applying  with  low  contact  resistance. 
Consequently  the  tendency  of  most  metals  to 
oxidize,  tarnish,  or  corrode  once  exposure 
to  environment  has  led  to  the  nearly 
unanimous  choose  of  gold  as  a  plug  jack 
contact  material  because  of  its  excellent 
electrical  properties  and  resistance  to 
corrosion.  There  have  been  several  papers 
which  studying  the  corrosion  behavior  of 
hard  gold  contact  in  humid  atmosphere 
containing  low  concentrations  of  SO2 ,  NO2 , 
and  CI2  were  reported  (1,2,3).  Some  also 
dealt  with  the  contact  resistance  affected 
by  contact  force  or  contact  geometry(4). 
However  investigator  seldom  pay  attention 
to  the  relation  between  the  contact 
material  properties  and  the  signal 
transmission  frequency.  The  objective  of 
the  present  work  was  to  asses  the  influence 
of  contact  surface  quality  on  the  signal 
transmission  in  different  frequency. 


Experimental 

The  test  specimens  are  10,  30,  50,  70, 
mioro  inches  thickness  of  hard  gold  coating 
and  tin  coating  plug  jack.  There  thickness 
are  measured  by  X-Ray  fluorescence  method. 
The  porosity  of  gold  alloy  coating  layer 
were  tested  by  the  method  of  nitric  acid 
vapor  in 

according  to  ASTM  B583-73  regulation,  and 
it  were  examined  by  scanning  electron 
microscope  (SEM). 

The  far-end  crosstalk  loss  ( FEXT ) , 
near-end  crosstalk  (NEXT),  and  attenuation 
between  two  or  four  pairs  transmission 
lines  which  were  connected  with  plug  jack 
were  measured  with  ANRITSU  ME325D  automatic 
cable  crosstalk  measuring  equipment  in  the 
range  of  40  to  772  kHz.  Figure  1  is  the 
schematic  diagram  of  the  apparatus  used  for 
transmission  properties  measurement. 

Contact  resistance  between  plug  and 
jack  contact  spring  were  measured  using 
four-wire  method,  and  the  change  in  contact 
resistance  (AR)  for  each  contact  pairs  was 
also  measured  to  evaluate  the  contact 
materials  characteristics.  Gold  alloy 
composition  was  tested  by  dipping  plug  or 
jack  contact  spring  in  cyanide  solution  and 
was  determined  by  applying  the  inductively 
coupled  plasma  atomic  emission  spectrometry 
(ICP-AES)  method. 

Result  and  Discussion 

A. Plug  Jack  Connector  Contact  Spring 
Characteristics 

Gold  alloy  was  electroplated  onto  the 
contact  spring  surface  of  plug  jack 
connector  because  of  the  excellent 
electrical  conductivity  and  inertness.  The 
base  material  of  plug  and  jack  contact 
spring  was  phosphor  bronze  and  its 
thickness  was  about  80  to  100  micro  inches 
nickel  plate  layer  as  sublayer  which  acted 
as  a  barrier  to  prevent  the  migration  of 
copper  into  the  surface  layer  of  gold 
alloy.  Darko  Rajhenbah  had  shown  that 
alloying  elements  in  gold  alloy  cobalt 
increase  the  coating  layer  hardness  but  > 
0.5%  cobalt  has  adverse  influence  on  the 
increase  of  specific  resistance  and 
brittleness  of  gold  coating  layer(5).  The 
amount  of  cobalt  in  gold  alloy  layer  was 
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found  out  to  be  0,3%.  The  result  of 
porosity  test  in  dependence  of  gold  alloy 
layer  thickness  are  shown  in  figure  2.  From 
figure  2  it  comes  out  that  the  number  of 
pore  per  square  centermeter  decrease  as  the 
gold  alloy  layer  thickness  increase.  Figure 
3  is  a  example  of  jack  contact  spring  after 
30  minutes  nitric  acid  vapor  test.  The 
corrosion  products  in  the  pores  are  found 
to  be  NilNOjliBHjO  and  Cu  I  NOi  )  o  OHjO .  They  are 
produced  by  nitric  acid  vapor  which  can 
penetrate  into  the  gold  alloy  coating  layer 
and  interact  with  sublayer  nickel  and  base 
material  phosphor  bronze. 

B.The  Transmission  Properties  of  Plug 
Jack  in  Different  Frequency 

Theie  are  many  connecting  point  from 
central  office  to  resident;  these  including 
trunk  cable  (modular  connector,  for  example 
AT&A  710,  3M  4000  D,  Picabond  mini 
connector),  distribution  Jelly-filled  cable 
(  UY  connector )  ,  cross  cab i ne t ,  distribution 
Joint  boxes,  terminal  connector,  inside 
wiring  connector  (plug  jack). In  this  paper 
we  focus  on  the  influence  of  plug  jack 
quality  on  the  transmission 
pr ope r t i es ( espec i a 1 1 y  the  crosstalk  loss 
and  insertion  loss)  of  plug  jack  in 
different  frequency. 

Figure  4  to  figure  6  illustrate  the 
NEXT,  FEXT ,  and  attenuation  of  PE-PVC 
inside  wiring  cable  connected  by  different 
hard  gold  alloy  coating  plug  jack.  The 
plots  in  fig. 4  and  fig. 5  showed  that  the 
PE-PVC  inside  wiring  cable  connected  with 
plug  and  jack,  the  NEXT,  FEXT  would  woi'sen 
and  the  crosstalk  loss  increase  rapidly 
with  frequency  according  to  following 
re  1  at  ion : 

A  =  k  *  f®'2  (when  frequency  is  in  the 
range  of  10  to  300  kHz) 

A  =  k  *  f^'5  (when  frequency  is  large 
than  300  kHz) 

Where  A  is  attenuation,  k  is  a 
constant . 

In  spite  of  that  the  crosstalk  loss 
value  are  still  above  the  regulation  value 
(6),  which  define  the  NEXT  in  the  frequency 
of  40  kHz  must  be  above  58.5  dB  and  the 
FEXT  in  160  kHz  must  be  above  55  dB. 

We  also  measured  the  NEXT,  FEXT  and 
attenuation  variation  of  plug  jack  after 
high  humidity  and  temperature  cycling  test. 
Because  gold  is  noble  than  tin,  gold  can 
establish  a  metallic  interface  between  plug 
jack  contact  spring  surface,  but  tin  can 
not.  So  the  NEXT,  FEXT  of  gold  alloy  coateil 
plug  jack  are  no  significant  change  and  tin 
coated  plug  jack  change  more  significant. 
The  above  results  suggest  that  the 
connecting  point  of  plug  jack  has 
negligible  effect  on  crosstalk  loss  and 
attenuation. 

Figure  7  showed  the  contact  resistance 
change!  AR)  of  plug  jack  after  72  hours 
salt  fog  lest  (7).  From  fig  7  it  can  bo 
seen  that,  there  is  marked  increase  in  the 
contact  resistance  of  tin  coated  an<l  10, 
30,  micro  inches  gold  coat  i ng  contact 


spring.  The  increase  of  contact  resistance 
value  is  influenced  by  the  growth  of 
insulating  film  on  metal  sublayer  or  the 
growth  of  film  in  the  gold  layer  pores. 
From  the  SEM  examination,  there  are  many 
pores  existing  in  10,  30,  micro  itiches  gold 
coating  layer  and  corrosion  products  can  be 
found  around  the  pores  this  is  why  contact 
resistance  increase.  On  the  other  hand,  the 
contact  resistance  degradation  of  tin 
coating  contact  spring  is  caused  by  surface 
corrosion  which  atmosphere  is  more  reactive 
to  surface  finish  than  underplating 
ma ter i a  1 s  . 

Cone  1 usi on 

(1)  Result  of  morphological 
properties  obtained  from  SEM  and  contact 
resistance  showed  that  the  plug  jack 
contact  spring  hard  gold  coating  layer 
needed  a  thickness  above  50  micro  inche's. 

(?)  The  plug  jack  connected  to  f’E-PVC 
inside  wiring  cable  the  NEXT  FEXT  and 
attenuation  would  drop  depend  on  the 
transmission  frequency,  but  it  still  above 
regulation  value. 

(3)  Overview, the  transmission 
characteristic  of  subscribe  loop  was  mainly 
dependent  on  the  wire  and  cable  itself. 
Plug  jack  connector  had  little  effect  on 
the  crosstalk  loss  and  attenuation  of  whole 
loop,  the  major  consideration  of  connector 
quality  was  dropout  and  corrosion. 
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Figure  2.  Relation  Between  the  Number  of 
Pores  and  Gold  Coating  Layer 
Thickness 


Figure  3.  SEM  Photomicrograph  of  30  Micro 
Inches  Gold  Coating  Jack  Contact 
Spring  After  Nitric  Acid  Vapor 
Test 
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FOR  SUBMARINE  SENSORS  SYSTEM 

JP.  BONICEL  -  PF.  GIRAUD  -  P.  GAILLARD  -  A.  DE  FILIPPIS 

ALCATEL  CABLE  -  LYON  -  FRANCE 


ABSTRACT 


This  paper  describes  a  new  optical  fiber  and  copper 
conductors  composite  cable  developed  to  be  used  with 
submarine  sensors  in  an  immerged  detection  network. 

It  is  composed  of  an  optical  core  containing  62.5/125  fibres, 
self  resistant  to  hydraulic  pressure,  devoted  to  data  transmis¬ 
sion;  this  optical  unit  is  surrounded  by  a  layer  of  screened  or 
unscreened  copper  conductors  ensuring  the  power  feeding 
and  monitoring  of  the  network.  The  cable  outer  protection  is 
realized  with  a  single  or  double  layer  armour.  Specific 
anchoring  devices  have  also  been  developed  and  are 
presented. 

Various  mechanical  and  environmental  tests  results 
performed  on  an  optical  unit  qualification  length  and  on  a 
3,500  metres  long  completed  cable  are  presented. 


INTRODUCTION 


Higher  bit  rates,  longer  distances,  insensibility  to  electroma¬ 
gnetic  perturbations  have  made  the  transmission  media 
move  to  optical  fibres  for  more  and  more  various 
applications. 

In  particular  the  development  of  more  and  more  complex 
senrors  networks  has  created  the  need  to  develop  composite 
cables  including  copper  conductors  and  optical  fibres;  in  this 
domain  this  paper  presents  a  study  conducted  to  answer  a 
specific  need  for  a  cable  intended  to  be  used  in  a  submarine 
sensors  network. 

This  cable  has  been  specially  designed  to  present  good 
mechanical  properties,  as  it  is  intended  to  be  laid  on  the  sea 
bed  at  depths  down  to  1,000  metres. 

BASIC  REQUIREMENTS 

The  basic  requirements  were  as  follows  ; 

Functional  requirements : 

-  four  optical  fibres  with  characteristics  as  shown  in  table  1 
for  data  transmission; 

-  eight  2.5  sq.mm  copper  wires  (300  V  nominal  voltage  ra¬ 
ting)  and  four  1 .5  sq.mm  screened  copper  wires  (250  V  no¬ 
minal  voltage  rating)  for  power  feeding  and  control; 


-  minimum  breaking  strength  :  5,000  daN; 

-  operating  hydrostatic  pressure  ;  10  MPa; 

-  lifetime  in  sea  immersion  :  10  years; 

-  operating  temperature  range  :  0°C/+30°C  in  water, 

-  10°C/+50“C  in  air; 

-  storage  temperature  range  :  -20°Cy+70°C  (in  air) 


item 

specified  value 

fibre  type 

62.5/125/250 

numerical  aperture 

0:275 

attenuation  (dB/km) 

850  nm 

3.7  max 

1300  nm 

1.5  max 

bandwidth  (MHz.km) 

850  nm 

200  min 

1300  nm 

200  min 

Table  1.  Optical  fibre  characteristics 


Additional  requirements  : 

-  good  crush  resistance 

-  suitable  protection  against  hydrogen  effects 

-  anti  teredo  protection 

-  cable  core  components  shall  be  self  resistant  to  the  ope¬ 
rating  hydrostatic  pressure  so  as  to  prevent  possible  failure 
(mechanical  damage,  corrosion...)  of  the  outer  protection. 

-  predicted  lifetime  in  sea  immersion  ;  20  years; 

-  development  of  specific  anchoring  devices  operating  under 
hydrostatic  pressure 


CABLE  STRUCTURE 

TTie  cable  structure  has  been  designed  as  follows  in  order  to 
face  the  above  mentioned  requirements  : 


Optical  core 

-  choice  of  a  loose  type  structure  with  a  suitable  fibre  over- 
length  to  guarantee  a  low  strain  rate  on  the  fibres  and 
therefore  a  high  lifetime; 

-  choice  of  a  hard  thermoplastic  slotted  core,  6.3  mm  diame¬ 
ter,  to  obtain  good  crush  properties,  with  four  slots  contai¬ 
ning  one  optical  fibre  each.  The  slots  are  filled  with  a  suita- 
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ble  silicone-based  jelly  to  protect  the  fibres  and  ensure 
optical  core  longitudinal  watertightness;  the  central  strength 
member  is  made  of  a  7x0.6  mm  steel  rope. 

-  the  optical  core  protection  is  realized  with  a  0.8  mm  thick 
inner  polyamid  sheath,  a  single  layer  of  0.8  mm  diameter 
steel  wires  armour  to  achieve  a  good  tensile  and  hydrostatic 
pressure  resistance,  and  a  1.2  mm  outer  lead  alloy  sheath 
(12.5  mm  O.D.)  for  radial  water  and  hydrogen  tightness. 

A  cro.ss  section  drawing  of  the  optical  core  is  given  in  fig  1. 


Core 

wrappings 


Polyamide 
Inner  sheath 


32  wires  0  0.8  mm 


lead  sheath 


metallic  core 
strength  member 


slotted 

core 


filling 

compound 


optical  fibre 


Figure  1.  Cable  core  cross  .section 


Electrical  part 


The  electrical  part  is  made  of  eight  polyethylene  insulated, 
stranded  copper  conductors  of  2.5  sq.mm  cross  section,  and 
four  polyethylene  insulated,  copper  braid  screened  and  outer 
polyamid  sheathed  stranded  copper  conductors  of  1.5  sq.trun 
cross  section.  These  12  conductors,  having  the  same  overall 
diameter  of  4  mm,  are  helically  stranded  in  one  layer  around 
the  optical  unit;  the  spaces  between  the  conductors  are 
filled  with  a  .suitable  petroleum  based  jelly  to  ensure  the 
cable  core  longitudinal  watertightness. 


Outer  protection 


The  outer  protection  is  made  of  : 

-  an  inner  low  density  polyethylene  sheath,  thickness  1,8 
mm; 

-  an  anti  teredo  protection,  made  of  two  0.2  mm  thick  copper 
tapes  helically  applied,  and  a  crepe  papter  bedding; 

-  a  single  or  double  layer  armouring  made  of  2.2  mm  (inner 
layer)  or  2,4  mm  (outer  layer)  diameter  galvanized  steel 
wires  flooded  with  a  bitumen  compoimd; 

-  an  outer  HdPe  sheath,  thickness  2.5  mm. 

A  cro.ss  section  drawing  of  the  cable  is  given  in  fig  2  and  a 
photograph  is  .shown  in  figure  3. 

The  cable  outer  diameter  is  41.3  mm  and  its  nominal  weigth 
is  4,700  kg/km  in  air  or  3,280  kg/km  in  water  (double  layer 
■armouring)  and  3,250  kg/km  in  air  or  1,930  kgAm  in  water 
(single  layer  armounng). 


crepe  paper 
bedding 

aOwires 
0  2,2  mm 

4 1  wires 
0  2,4  mm 

bitumen 

HdPe  sheath 


filling 

compound 


plastic 

wrappings 


LdPe 

sheath 


anti-teredo 
tapes 

A  -  Optical  unit 
B  3  conductors  2,5  sq  mm 
C  4  shielded  conductors  1 ,5  sq  mm 
Figure  2.  Cable  cross  .section 


Figure  3.  Photo  of  the  completed  cable 

END  FrmNGS  AND  SPECIAL  HARDWARE 

Specific  anchorings  and  cable  end  fitting  were  also  designed 
to  be  delivered  with  the  cable  length.  These  equipments  are  : 

-  an  anchoring  device,  designed  to  transmit  longitudinal  ef¬ 
forts  between  the  cable  armour  and  either  an  anchoring  point 
on  land  or  an  immersed  part  of  the  .system.  It  is  made  of 
bronze  (immersed)  or  stainless  steel  (land)  and  u.ses  the  prin¬ 
ciple  of  armour  steel  wires  conical  clamping,  together  with  a 
thermo.setting  resin  injection. 

-  a  watertight  and  pressure  resistant  join,  designed  to  ensure 
the  transition  between  the  cable  core  and  immersed  housings 
(electronics,  cable  core  splitting...).  It  is  made  of  bronze  and 
the  watertightness  is  realized  using  a  special  resin  injection. 

A  general  drawing  show  ing  the  equipped  cable  end  is  .shown 
in  figure  4. 
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Figure  4.  Cable  end  equipment 

In  addition,  due  to  the  cable  length  to  be  delivered  (3,500 
m)aDd  its  outer  diameter,  a  special  shipping  drum  has  been 
designed  and  realized;  its  overall  dimensions  are  3,000  mm 
(flange  diameter)  and  2,910  mm  (width!  for  a  total  weight  of 
17,400  kg  (including  the  cable  length).  This  special  drum 
also  includes  a  special  housing  to  store  the  equipped  cable 
end  during  transportation. 

CABLE  MANUFACTURING.  TESTING  AND 
OUALIFICATIQN 

Optical  core 

A  prototype  length  of  the  optical  core,  approximately  600  m 
.^rg,  has  been  realized  and  tested  in  order  to  qualify  its  de¬ 
sign.  The  tests  realized  and  the  obtained  results  are  listed  in 
table  2.  Obtained  results  are  in  compliance  with  or  exceed 
the  spe-cification. 

The  tensile  test  has  been  realized  on  a  200  m  long  part  of  the 
prototype  optical  core;  during  the  test  optical  fibres  were 
monitored  either  in  loss  change  at  850  nm  or  in  length  varia¬ 
tion.  The  test  has  been  performed  up  to  a  maximum  load  of 
5,000  N  corresponding  to  a  cable  elongation  of  0.15%; 
attenuation  control  showed  variations  within  the  measu¬ 
rement  accuracy  and  slight  evolution  noted  in  fibre  elon¬ 
gation  is  due  to  filling  compound  shearing.  Obtained  curves 
arc  shown  in  figure  5. 


Item 

obtained  result 

transmission 

(initial) 

compliant  (850  and  1300  nm  atte¬ 
nuation  and  bandwidth;  no  change 
fiom  uncabled  values) 

tensile  test 

no  measurable  loss  mcrease  for 

5,000  N/0.15%  at  850  nm. 
fibre  elongation  less  than  0.03% 
at  5,000  N. 

pressure  test 

no  measurable  added  loss  at  15  MPa 
loss  increase  starts  at  approxima¬ 
tely  30  MPa 

no  residual  added  loss  after  50  MPa 

transmission 
(after  mechanical 
testing) 

compliant  (850  and  1300  nm  atte- 
nuabon  and  bandwidth;  no  change 
from  initial  values) 

(1  MPa  =10  N/cm2=l  bar) 

Table  2.  Optical  core  qualification  tests. 


The  hydrostatic  pressure  test  has  been  realized  on  a  50  m 
long  sample  taken  from  the  optical  core  prototype  length;  the 
length  submitted  to  the  pressure  was  about  40  m  and  the 
fibres  were  looped  for  1300  nm  transmission  loss  control 
during  the  test.  After  the  verification  of  the  compliance  with 
the  specification  (pressure  maintained  at  15  MPa  for  one 
hour),  the  pressure  has  been  increased  up  to  50  MPa;  loss 
increase  has  been  found  to  start  at  about  30  MPa  and  no 
residual  loss  increase  has  been  noted  after  pressure  release. 
Attenuation  curves  vs  pressure  arc  given  in  figure  6. 
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A  prototype  of  the  watertight  join  has  been  also  successfully 
submitted  to  a  hydrostatic  pressure  test  up  to  10  MPa. 


TTie  optical  unit  being  qualified,  the  industrial  length  has 
been  manufactured  accoiding  to  the  above  described  spyeci- 
fication.  The  total  cable  len^  realized  was  3,600  m  in  one 
single  length,  including  an  extra  length  of  100  m  for  mecha¬ 
nical  testing;  the  outer  steel  wires  armouring  has  been  rea¬ 
lized  with  a  double  layer  for  the  most  important  part  of  the 
cable  (2,800  m,  corresponding  to  the  cable  part  laying  on  the 
seabed)  and  with  a  single  layer  for  the  remaining  part  so  as 
to  lighten  the  cable  (700  m,  corresponding  to  the  immersed 
cable  end).  The  transition  between  the  two  types  of  armou¬ 
ring  has  been  realized  by  replacing  the  steel  wires  of  the 
outer  layer  by  glass  reinforced  plastic  fillers  so  as  to  keep 
the  outer  diameter  as  regular  as  possible  for  outer  sheathing. 

This  manufacturing  has  been  successfully  submitted  to  the 
standard  quality  control  procedures  applied  to  either  dimen¬ 
sional  or  electrical  or  optical  parameters  at  various  manufac¬ 
turing  steps,  including  on  the  completed  cable  optical  and 
dielectric  tests  after  cable  end  fitting.  In  addition  a  tensile 
test  using  a  set  of  anchoring  equipment  has  been  realized. 

Obtained  results  arc  in  compliance  with  the  specified  va¬ 
lues;  the  tensile  test,  which  is  not  a  standard  final  test,  has 
been  realized  on  the  single  layer  armoured  100  m  extra 
length  to  qualify  the  completed  cable  and  the  anchoring 
equipment.  The  cable  length  effectively  under  test  was  90 
metres;  the  maximum  tensile  load  applied  was  50,000  N  as 
specified,  leading  to  a  cable  elongation  of  about  0.19%.  For 
this  value  the  measured  fibre  elongation  was  0.05%  with  no 
residual  effect  after  load  removal;  the  calculated  nominal 
breaking  strength  of  the  two  layers  armoured  part  is  about 
100.000  N.  Photos  showing  the  cable  under  ten.silc  test,  the 
equipped  cable  end  and  the  cable  length  being  shipped  on  its 
special  drum  arc  shown  in  figures  7,  8  and  9. 

The  cable  laying  has  been  realized  from  a  special  boat  du  - 
ring  summer  1991;  no  failure  has  been  reported,  confirming 
the  obtained  rc.sults  and  the  correct  design  of  the  cable. 


■igurc  8.  Equipped  cable  end 


Figure  7.  Cable  under  tensile  test 


I  Igurc  C.iblc  on  sh  pping  reel 
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The  development  of  this  composite  cable  has  lead  to  the  defi¬ 
nition  of  a  tensile  and  pressure  resistant  optical  core  surroun¬ 
ded  by  an  electrical  part  with  a  submarine  type  outer  protec¬ 
tion.  Such  a  product  may  be  used  as  it  is  or  with  some  adap¬ 
tations  (fibre  count,  number  or  type  or  section  of  the 
electrical  conductors...)  to  take  place  of  transmission  media 
in  various  types  of  submarine  sensors  or  transmission 
networks;  but  to  be  able  to  guarantee  a  20  years  lifetime,  it  is 
necessary  to  be  very  careful  on  the  cable  design  (no  strain  on 
the  fibres,  no  hydrogen  hazards...),  the  qualification,  manu¬ 
facturing  and  quality  assurance  procedures. 
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ABSTRACT 

At  present  tine  wire  and  cable  nanufacturers  want  to 
speed  up  the  telephone  wire  insulation  up  to 
2400  B/ain.  or  higher  line  speed  while  obtaining  an 
absolutely  regular  SBOoth  surface  and  good  quality. 
Insulations  with  good  aechanical  properties, 
excellent  surface  quality,  no  insulation  defect  and 
high  centricity  factor  can  be  obtained  by  using 
optiBized  extrusion  equipaents. 

In  case  of  foaa-skin  insulations,  the  extrusion 
becoaes  aore  difficult  at  such  line  speed. 

There  are  nuBerous  paraaeters  which  influence  the 
quality  and  especially  the  capacitance. 

This  paper  susBarizes  the  key  requlreaents  for 
Bodern  telephone  wire  extrusion  line  with  high  speed 
extrusion  properties 

INTRODUCTION 

Korea  Telecoas  has  put  foaB-skin  insulated  local 
telephone  cables  to  a  good  use  to  Beet  the  ever 
increasing  deaand  for  diversified  telecoBBunication 
services  in  place  of  the  conventional  paper  insulat¬ 
ed  cables  since  1988. 

The  foaB-skin  insulated  cable  is  to  iBprove  Bechani- 
cal  strength  and  transBission  characteristics  such 
as  cross-talk  characteristics. 

It  has  been  rather  difficult  to  Baintain  the  good 
centricity  and  extreBely  low  variation  in  capacitan¬ 
ce  of  ±1.5  pF/b  at  the  process  of  high  speed 
extrusion.  The  probleBS  rising  froB  high  speed 
extrusion  vary  according  to  type  of  insulations. 

(I)  FoaB-Skin  Insulation 
(»)  Insulation  defect 


(••)  Unstability  of  capacitance  control 
(c)  Rough  surface 
<d)  Open  cell  in  foaB  structure 
w  Hire  elongation 

(2)  Solid  Insulation 
<»)  Poor  output 
(w  Insulation  defect 
<c)  Rough  surface 

<a)  Higher  variation  of  insulation  diaaeter 
(e)  Hire  elongation 

To  Beet  the  needs  of  the  wire  and  cable  industry  for 
keeping  Belt  flow  hoBogeneity  and  constant  Belt  flow 
tenperature,  the  wire  and  cable  aanufacturers  and 
extruder  Bakers  should  be  faiiliar  with  the  change 
of  characteristics  for  every  type  of  Baterial  under 
a  wide  range  of  production  conditions.  They  Bust 
be  able  to  predi  t  the  Belt  flow,  teBperature  pro¬ 
files  and  output  under  the  given  conditions  and 
Baterials,  and  deteraine  the  screw  geoBetries  that 
will  provide  optiBUB  results. 

In  short,  a  superficial  knowledge  of  the  extrusion 
process  is  not  enough.  The  cable  Banufacturers  and 
extruder  Bakers  Bust  have  a  deeper  knowledge  of  what 
actualy  takes  place  froB  the  Boaent  the  granule 
enter  the  barrel  until  the  Belt  is  forced  through 
the  die. 

Wire  and  cable  Banufacturers  case  to  demand  more 
excellent  characteristics  in  terms  of  high  perfor¬ 
mance  materials  changes  in  heating  and  cooling 
system,  screw  geometry,  and  die  design. 

At  present  time  insulations  with  approx.  0.12  mm 
wall  thickiiess  must  be  produced  at  a  line  speed  of 
2400  B/min.  while  obtaining  an  absolutely  regular 
smooth  surface  and  low  capacitance  variartion. 
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In  case  of  foai-skin  insulation  the  extrusion  is 
Bore  difficult  than  solid  insulation.  Major  problen 
was  to  avoid  elongated  conductor,  rough  surface  of 
insulation,  deterioration  of  cell  structure,  higher 
head  pressure,  continuously  changing  of  the  pre¬ 
ssure,  Increase  of  capacitance  variation,  and  nany 
insulation  faults,  etc..  However,  we  solve  technical 
probleas  encountered  at  high  speed  extrusion  line 
for  foaB-skin  insulated  telephone  wire. 

Essentially,  the  extruder  is  the  key  eleBent  in  any 
wire  and  cable  extrusion  line.  As  a  result  of  our 
continued  research  for  solving  difficult  technical 
probleBS,  we  would  like  to  sention  that  cable  nanu- 
facturers  Bust  keep  in  Bind  the  following  facts  to 
achieve  above-Bentioned  requirements  at  a  high  speed 
insulation  over  2400  m/min.. 

Table-1  shows  the  basic  factors. 

1.  EiperiBent 
1)  Material 

The  qulity  of  high  density  polyethylene  com¬ 
pound  is  influenced  by  molecular  weight  distribution 


(MWD)  and  melt  flow  rates  (HER). 

The  molecular  weight  distribution  has  been  a  point 
of  concern  in  relation  to  production  quality  and  a 
topic  of  intense  research.  Extrusion  for  wire 
coating  of  communication  cables  needs  such  a  high 
shear  rate  and  good  foaa  structure  that  samples  of 
insulation  materials  which  were  considered  to  have 
particular  MWD  and  Melt  Flow  Rates  were  prepared. 

Table  2  shows  the  sample  aaterials  used  in  various 
experiments  include  6  kinds  of  high-density  poly¬ 
ethylene  compounds. 

Being  all  ethylene-hexene  copoymer,  they  were 
evaluated  for  basic  properties  in  accordance  with 
REA  PE  200  specification.  The  properties  of  the 
HOPE  compounds  are  given  in  Table  2.  The  results  in 
Table  2  show  that  all  compounds  conform  to  the  REA 
PE  200  specification  requirements. 

The  Melt  Flow  Rates  (MFR)  of  the  all  compounds  was 
Similar  but  the  MFRs  of  the  samole  A  and  B  compound" 
was  lower  than  that  of  other  compounds. 


XAJ_LJ _ U 


ITEM 

FACTOR 

PHENOMENA 

RESULT 

Extruder 

0  Design  of  feeding  zone 

©  Design  of  screw 

0  Temperature  control  zone 

©  Poor  output 

©  Poor  mixing  condition 

w  Decrease  of  line  speed 

(w  Rough  surface 

(«  Insulation  defect 

Cross-Head 

Pressure 

©  Die  design 

©  Connection  of  coextruder 

©  !*•  terials 

©  Die  swelling 

©  Increase  of  pressure 

©  Poor  foam  structure 

(»>  Insulation  defect 

cw  Increase  of  capacitance 
variation 

(c>  Wire  draw  down 

w  Open-cell  construction 

Material 

0  Stability  of  dielectric 
constant 

©  MI  and  MWD 

®  Color  master  batch 

©  Increase  of  pressure 

<•■0  Rough  surface 

(W  Increase  of  capacitance  i 

variation 

<c)  Poor  mechamical  properties 
of  insulations 

Cooling 

Method 

0  Design  of  cooling  trough 

©  Using  of  warm  water 
and  reservoir 

©  Jad  condition  of  cooling 

<»)  Bad  surface 

(b)  Poor  mechamical  properties 
of  insu'ations 

(0)  High  variation  of  insulation 
diameter 

Production 

Conditions 

©  Select  of  die  size 

©  Balance  of  output 

according  to  kind  of  raw 
material  and  extruder 
temperature  profile 

'•)  Die  droll 

©  Poor  foam  structure 

<a)  Increase  of  capacitance 
and  diameter  variation 

(b)  Lower  concentricity 

<c)  Poor  mechanical  properties 
of  insulations 

(j)  Open  cell  construction 
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2)  Eitrusion  Test 

Extrusion  tests  were  conducted  on  the  produ¬ 
ction  line.  The  extrusion  line  consists  of  a  wire¬ 
drawing  nachine,  annealer,  pre-heater,  extruder, 
water  trough  and  autonatic  dual  take-up. 

The  extension  speed  of  this  line  was  lioited  up  to 
2,400  i/iiin.  since  the  oaxinuB  speed  of  wire  drawing 
aachjne  is  2,400  i/ain.. 

This  extrusion  line  can  monitor  and/or  control  the 
extrusion  temperature,  line  speed,  cross  head  pre¬ 
ssure,  coaxial  capacitance,  overall  diameter  of 
insulated  conductor  and  spark  failure,  in  addition 
to  record  coaxial  capacitance,  overall  diameter  and 
crosshead  pressure. 

Ultra-high  speed  extrusion  was  one  of  the  goals  of 
this  experiment,  in  which  Foam-Skin  insulated  cables 
with  0.4  mm  conductors  which  were  considered  most 
difficult  to  manufacture  are  used. 

The  extrusion  test  parameters,  such  as  the  fluctua¬ 
tion  range  of  coaxial  capacitance  and  overall  dia¬ 
meter,  spark  failure  and  surface  appearance  of  insu¬ 
lated  conductors  are  shown  in  Table  3.  and  Table  4.. 
Crosshead  pressure,  conductor  diameters,  tensile 
elongation  and  foam  structure  were  also  checked. 

The  photos  show  the  surface  appearance  of  insulated 
conductors  and  foam  structure. 

2 .  Results  and  Discussion 

1)  The  Relation  Between  Material  properties  and 
Extrusion  Condition 

Average  molecular  weight  is  a  basic  structu¬ 
ral  property.  In  our  experiment,  Mw  and  Mn  for  all 
HOPE  compounds  were  proved  to  be  favorable. 

Hw/Hn  ratio  is  also  an  important  factor  that  has 
effect  on  the  properties  and  processing  of  polymer. 
Usually.  we  consider  that  the  wider  the  MHD  is, 
the  better  the  extrusion. 

But  the  above  thinking  was  found  not  correct. 

The  HWD  data  and  Hw/Mn  ratio  did  not  indicate  the 
reason  for  the  differences  in  extrusion  performance 
between  the  compounds  nr  for  the  variations  in  insu¬ 
lation  surface  smoothness.  For  example,  sample  F 
with  Hw/Kn  value  of  13.8  has  wider  HKD  than  other 
samples,  and  its  extrusion  is  the  worst. 


Additionally,  we  also  consider  that  the  higher  the 
flow  ratio  is,  the  better  processing  property. 

But  neither  the  data  in  Table  3  nor  the  extrusion 
tests  proved  this  idea.  There  is  no  strict  corres¬ 
ponding  relationship  among  the  Kelt  Flow  Rates. 

Above  test  results  indicate  that  the  extrusion  do 
not  relate  to  MFR  and  MHO  only. 

As  a  result,  we  should  evaluate  the  extrusion  condi¬ 
tion  and  select  the  optimum  grade  for  insulation 
material  according  to  extruder  conditions. 

2)  The  relationship  of  tooling  and  extrusion 
Erpj)erty 

Foam  insulation  is  produced  by  mixing  a 
foaming  agent  with  the  polyethylene  compound.  Heat 
breaks  up  the  chemical  and  creates  bubble  elements 
in  the  polymer. 

The  elements  are  created  continuously  along  the 
extruder  screw.  Their  number  depends  on  the  thermal 
condition  of  the  polymer  in  the  extruder.  After  the 
extrusion  die,  the  pressurized  elements  expand  into 
bubbles  (cell). 

Cell  construction  is  very  sensitive  to  temperature. 
The  cell  size  depends  on  the  time  elapsing  between 
the  die  and  the  first  cooling  device  and  on  the 
viscosity  of  the  polymer  leaving  the  die. 

Unsatisfactory  temperature  control  and  die  design 
leads  to  overfoamingCpoor  cell  construction)  and  the 
dielectric  advantages  of  the  cells  are  lost. 

Thus,  the  temperature  control  and  die  design  must  be 
very  accurate. 

Cross  head  pressure  heavily  depends  on  extrusion 
speed.  For  safe  operation,  it  is  important  to  hold 
down  the  crosshead  pressure.  By  raising  extrusion 
speed,  the  crosshead  pressure  rises  as  well. 
Especially  some  samples,  which  easily  goes  over  the 
safety  range  of  700  kg/aii’,  were  found  unfavourable. 
When  head  pressure  is  high,  the  results  show  the 
following: 

-  Rough  surface  and/or  Insulation  defect 

-  Increase  of  capacitance  variation 

-  Open  cell  construction 
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Wire  elongation 


Both  pressure  drop  and  shear  rate  in  the  extrusion 
tool  should  be  ninioized.  The  pressure  drop  depends 
on  a  die  lip  diaaeter  and  the  shear  rate  under  the 
function  of  the  saae  tool  diaension. 

Both  factors  have  an  effect  in  the  saae  direction  on 
the  process  and  therefore  require  the  aaxiaua  per- 
aissible  diaaeter. 

The  strong  dependence  of  pressure  drop  and  shear 
rate  on  the  die  lip  diaaeter  requires  that  die  wear 
be  avoided  by  inserting  a  diaaond. 

A  die  has  been  designed  to  keep  shear  rates  at  acc¬ 
eptable  leve  of  head  pressure. 

The  die  lip  diaaeter  is  nearly  saae  or  slightly  big¬ 
ger  than  that  of  the  insulation. 

This  reduces  the  shear  rate  to  quite  saall  values: 
the  dielectric  properties  of  polyethylene  are  not 
lost  and  the  extrusion  flow  reaains  stable. 

Soae  additional  advantages  are  also  gained; 

-  The  centricity  of  the  insulated  wire  is  good  due 
to  optiaua  die  diaaeter. 

-  Low  pressures  decrease  friction  in  the  extruder 
and  Bake  thereby  over  foaaing  easier  to  avoid. 

-  Low  pressures  increase  the  extruder  output 

-  Low  pressures  decrease  spark  fault  and  wire 
elongation 

Meanwhile,  having  a  saaller  or  larger  taper  angle 
than  optiaua  design  enables  dies  to  have  a  high  head 
pressure.  It  was  found  that  these  problea  were 
closely  related  to  the  optiaua  die  angle. 

In  our  experiaent,  7  ”  taper  angle  was  proved  better. 
These  facts  were  noted  and  their  influence  on  cro- 
ssehead  pressure  was  checked. 

The  results  are  shown  in  Table  4. 


3.  Conclusion 

For  the  reaedy,  iaproveaent  on  aanufacturing 

facilities  and  optiaua  conditions  has  been  consider¬ 
ed.  These  probleas  affect  safe  and  stabilized 

operation  as  well  as  cable  quality. 

Our  experienced  suaaary  of  the  result  is  as  follows. 

M  We  Bodified  feeding  zone  design  of  screw  and 
nuaber  of  teaperature  control  zone  in  order  to 
increase  output  and  iaprove  aixing  condition. 

(•>)  We  found  the  aost  suitable  aaterial  flow  on  ext¬ 
rusion  head  ' «  using  die  design  with  7  °  taper 
angle  and  slight  ■  ■  gger  than  insulation  dia- 
aeter  for  controlling  appropriate  head  pressure. 

<c)  By  Bodifying  cooling  trough,  we  can  iaprove  sur¬ 
face  of  insulation,  deviation  of  insulation  dia- 
aeter  and  aechanical  properties  of  insulations. 
Especially,  we  found  that  head  pressure  of  (b) 
was  greatly  affected  by  die  design,  and  not  only 
excessive  head  pressurefover  700  kgf/cm)but  also 
lower  head  pressure  (^500  kgf/c®  )  affected 
quality  of  insulations. 

w  We  reached  the  conclusion  that  the  MWD  data  and 
Mw/Hn  ratios  have  nothing  to  do  with  the  differ¬ 
ences  in  extrusion  perforaance  between  the  coa- 
pounds  and  with  the  variations  in  insulation 
surface  saoothness. 

As  the  result,  it  was  found  that  to  the  screw 
geoaetry,  die  and  extrusion  tooling  design  and 
extrusion  conditions  with  suitable  grade  for 
insulation  aaterial.  The  optiaua  design  of  ext¬ 
ruder  and  equipaent  was  established. 
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Table  2.  Characteristics  of  Insulation  coipounds 


SAMPLE 

PROPERTY 

A 

B 

C 

D 

E 

F 

REA  SPEC. 
(PE-200) 

Melt  Flow  Rate  (H.I) 

g/lOain 

0.58 

0.55 

0.80 

0.75 

0.76 

0.78 

0.20-2.0 

Flow  Ratio 

MIio  /MI 

14.8 

14.9 

13.8 

15.0 

17.2 

15.2 

MI21../MI 

79 

107.7 

104 

120.1 

84 

85.2 

Density  (NoBinal) 

g/cm 

0.945 

0.943 

0.947 

0.946 

0.948 

0.948 

0.941  -0.959 

Mm 

XIO* 

14.1 

10.5 

13.8 

13.7 

12.3 

13.2 

Mn 

XIO* 

0.76 

1.4 

0.95 

1.6 

0.97 

0.96 

Mw/Mn 

- 

18.5 

7.5 

14.6 

8.6 

12.7 

13.8 

Melting  Teap. 

°  C 

132 

132 

131 

134 

132 

134 

Table  3.  The  Eitrusion  Test  Paraieters  and  Properties  of  Insulation 


SAMPLE 

PARAMETER 

A 

B 

C 

D 

- 1 

E 

F 

Conductor  Dia. 

(TlfR 

0.4 

0.4 

0.4 

0.4  , 

0.4 

Line  speed 

m/nin. 

2300 

2300 

Ext. 

TeBp. 

°  C 

161-188 

163-197 

163-189 

162-195 

163-196 

162-192 

203-250 

194  -250 

200-255 

205  -258 

194  -245 

205  -250 

X-Head 

Pressure 

Main 

kg/ciif 

440 

423 

550 

490 

405 

565 

Aux. 

585 

560 

700 

700 

590 

630 

Capacitance 

pF/b 

<  +1.5 

<  +1.5 

<  ±2.0 

<  ±1.5 

<  ±1.0 

<  ±1.5 

Spark  Voltage 

kV 

1.2 

1.2 

1.2 

1.2 

1.2 

1.2 

Spark  failure 

No/Bo. 

0 

1-2 

>  50 

>  20 

0 

>  30 

Foaa  Construction 

- 

Good 

Good 

Bad 

good 

good 

Bad 

Surface  Roughness 

- 

Matt/Soooth 

Matt/Smooth 

Matt/Rough 

Matt/Rough 

SBooth 

Rough 

Theraal  Oxidative 
Stability  Test. 

«K1) 

>  90  Days 

>  60  Days 

- 

<  120  Days 

<  63  Days 

<  48  Days 

i,  .  J 

■v(l)  Tests  are  Bade  in  accordance  with  BELL  Standard  Testing  Methods  designated.  (110°  x  45  Days  niniauB) 

Table  4.  The  Eitrusion  Test  Paraieters  for  facilities 


ITEM 

PARAMETER 

Die  Angle 

Shape  of  X-Head 

Type  of  Screw 

6  ° 

7  ° 

8° 

1 

a 

0 

1 

Conductor  Dia. 

mm 

0.4 

0.4 

0.4 

0.4 

0.4 

0.4 

0.4 

Ext. 

Tenp. 

Main 

°c 

163  - 188 

161-185 

163-184 

163-183 

163-182 

163-186 

163-191 

163-183 

Aux. 

185-250 

195-245 

210-255 

200-250 

194  -249 

160  -  250 

180-250 

180-260 

X-Head 

Pressure 

Main 

kg/ciii 

660 

535 

705 

605 

430 

575 

450 

545 

Aux. 

930 

720 

900 

765 

560 

710 

590 

770 

2200 

Line  Speed 

B/fflin. 

2200 

2200 

2200 

2200 

2200 

2200 

2200 

Spark  Voltage 

kV 

1.2 

1.2 

1.2 

1.2 

1.2 

1.2 

>  20 

Spark  Failure 

Mo. /Bo 

35-40 

5-10 

15-20 

>  20 

<  5 

10-15 

<  5 

Surface  Roughness 

- 

Matt/Rough 

SBOOth 

Rough 

Matt/Rough 

Smooth 

Coaxial  Capacitance 

pF/n 

+  1.5 

+  1.0 

+  2.0 

+  2.0 

+  1.5 

+  1.5 

+  1.0 

+  2.0 

Die  Hole  Size 

iTifn 

0.67 

0.65 

0.66 

0.67 

0.67 

0.65 

0.67  j  0.67 

Foaa  Construction 

- 

Bad 

Good 

Bad 

Bad 

Good 

Good 

Good  ;  Bad 

(REMARK)  Insulation  Overall  Oianeter  ;  40.64  mm 
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abstract 

Currently,  to  provide  optical  links  in  its  Junction  Network, 

BT  installs  subducted  cables  in  lengths  of  less  than  2  km 
which  are  then  joined  together.  This  technique  requires 
three  main  operations;  installation  of  subduct,  installation  of 
cable  followed  by  jointing. 

Potentially  a  more  attractive  approach  is  to  use  the  Blown 
Fibre  installation  technique.  This  involves  only  two 
principle  operations:  installation  of  tubing  and  blowing  in 
the  fibre.  This  method  also  enables  a  faster  provision  of 
service,  ease  of  route  configuration  and  de-skilling  of  field 
operations. 

This  paper  describes  a  field  trial  that  used  Blown  Fibre 
to  provide  a  spliceless  inter  office  link  over  a  distance  of 
13.6  km.  The  route  runs  between  the  two  towns  of 
Gloucester  and  Painswick  which  are  situated  in  the  southwest 
of  England.  This  link  is  now  the  longest  unspliced  fibre  optic 
transmission  path  within  BT's  underground  network. 


1.  INTRODUCTION 

The  Blown  Fibre  (BF)  installation  techniquel'  is  based  on 
an  interconnecting  network  of  6  mm  bore  tubes  laid 
underground,  into  which  composite  2mm  diameter  fibre 
units  are  installed  using  compressed  air. 

One  of  the  primary  advantages  offered  by  the  Blown  Fibre 
cabling  technique  is  the  ability  to  install  spliceless  links. 
Historically  the  maximum  unspliced  length  of  Blown  Fibre 
that  had  been  installed  was  approximately  6  km. 
Improvements  in  fibre  manufacturing  processes  have 
increased  the  availability  of  25  km  fibre  lengths  which  in 
turn  has  significantly  increased  the  opportunity  for 
exploiting  longer  spliceless  links.  To  investigate  the 
installation  issues  associated  with  this  technique  a  13.6  km 
route  between  Gloucester  and  Painswick  Exchanges  was 
identified  for  a  field  trial. 

The  primary  issues  that  were  examined  by  this  trial  were  as 
follows: 

(i)  Could  Blown  Fibre  be  cost  effectively  used  to  supply 
long  links? 

(ii)  Could  our  existing  installation  techniques  be  used  to 
install  long  distances? 


(iii)  Could  Blown  Fibre  fibre  unit  be  supplied  in 
continuous  14.5  km  lengths? 

(iv)  What  could  we  learn  from  the  trial? 

2.  TUBING  INSTALLATION 

A  subduct  installation  contractor  was  used  to  provision  the 
external  route  with  standard  BF  external  seven  tube  bundle. 
At  the  exchanges  internal  two  tube  bundle  was  used  to 
complete  the  route  from  the  cable  chambers  to  the  equipment 
racks.  No  special  handling  was  required  for  either  of  these 
installations. 

3.  PLAN  OF  FIBRE  UNIT  INSTALLATION 

Planning  limits  guarantee  BF  fibre  unit  installs  0.6  km  in  a 
standard  blowing  operation  however  in  practice  installations 
in  the  order  of  0.9  km  are  possible.  To  achieve  the 
installation  of  this  13.6  km  continuous  length  a  combination 
of  three  range  extending  techniques!^)  was  required.  These 
techniques  are  outlined  below: 

3,1  Centre  Point  Blowing 

The  Centre  Point  Blowing  method  doubles  the  distance  that 
can  be  installed  with  one  set  of  equipment.  The  equipment  is 
set  up  in  the  middle  of  the  route  and  the  fibre  unit  is  blown 
from  the  pan  storage  container  into  the  first  direction.  The 
pan  is  a  plastic  annular  container  approximately  0.5  m  in 
diameter  into  which  the  fibre  unit  has  been  loaded  in  a 
rosetled  formal.  The  loading  is  such  that  it  enables  the  fibre 
unit  to  be  pulled  from  a  stationary  pan  without  tangles  or 
lifted  turns.  Having  completed  the  blowing  in  the  first 
direction  the  remaining  fibre  unit  is  turned  out  into  a  second 
pan  thereby  presenting  the  other  end  of  the  fibre  unit  for 
blowing  in  the  opposite  direction  (see  figure  1).  Due  to  the 
length  of  this  fibre  unit  it  was  loaded  into  specialised  pans 
such  that  both  fibre  unit  ends  could  be  presented  without 
turning  out  the  pan  (see  section  4  for  full  details). 

Figure  1 :  Centre  Point  Blowing  Technique 


Blowing  Head  Blowing  Head 
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Figure  2;  Tandem  Blowing  Technique 


Figure  3:  Pan  and  ELF  Technique 


Blowing  Head 


Figure  4:  Standard  Operation 
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Figure  5:  Gloucester  to  Painswick  Blowing  Plan  Overview 
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Distance  betw  'en  bir  ving  heads  given  in  metres. 

3.2  Tandem  Blowing 

The  Tandem  Blowing  method  uses  blowing  heads  in  series  to 
increase  the  installation  length  (see  figure  2).  Potentially 
there  is  no  limit  to  the  installation  distance  other  than  the 
length  of  the  available  fibre  unit. 


The  Gloucester  to  Painswick  route  was  divided  into  four  of 
these  operations  as  shown  in  figure  5.  The  fibre  installation 
started  at  the  mid  position  from  where  it  was  blown  to  the 
collection  points  at  the  end  of  operafions  1  and  3  before  being 
reintroduced  and  blown  through  to  the  exchanges  at 
Gtoucester  and  Painsv.\--k. 


3.3  Pan  and  ELF  Blowing 

The  Pan  and  ELF  Blowing  technique  uses  an  End  Loop  Fleeter 
(ELF)  at  the  end  of  an  installation  length  to  collect  the  fibre 
unit  into  a  pan.  An  excess  length  of  fibre  unit;  sufficient  to 
complete  the  link,  is  blown  through  the  route  and  collected 
using  the  ELF  (see  figure  3).  The  panned  fibre  unit  is  then 
turned  out  to  present  the  front  end  of  fibre  unit  which  allows 
the  fibre  unit  to  be  installed  into  the  next  section  of  the 
route. 

These  three  techniques  were  combined  to  form  the  "standard 
operation"  for  this  installation.  Each  standard  operation 
spanned  approximately  3.5  km  and  consisted  of  four  blowing 
heads  in  series  with  an  ELF  at  the  end  to  collect  the  excess 
fibre  (see  block  diagram  in  figure  4). 


4.  SPECIALISED  STORAGE  ASSEMBLE 

The  prototype  storage  system  devised  to  handle  the  13.6  km 
tength  of  fibre  unit  was  based  on  the  existing  Pan  and  ELF 
tectinique.  Figure  6  shows  a  schematic  section  of  the  fully 
assembled  system.  In  addition  to  the  detail  shown  in  the 
schematic  two  threaded  rods  were  bolted  through  the  tips  of 
the  pans  to  prevent  the  pans  from  parting  company  during 
transit. 

The  assembly  incorporated  two  important  features.  The  first 
was  the  spacer  rings  depicted  in  figure  6.  These  spacers 
prevented  the  weight  of  fibre  unit  compressing  the  layers 
towards  the  bottom  of  the  pan.  The  second  feature  was  that 
the  fibre  unif  was  loaded  in  such  a  way  as  to  present  both 
ends:  one  at  the  top  of  each  pan.  This  meant  that  when  the 
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pans  were  split  the  fibre  unit  could  be  blown  in  both 
directions  from  the  centre  position  without  needing  to  turn 
out  the  fibre  unit  as  is  necessary  in  conventional  centre 
point  blowing.  Figure  7  shows  a  pictorial  representation  of 
tandem  blowing  from  the  centre  point  once  the  storage 
system  has  been  split. 


Figure  6:  Schematic  Section  of  Loaded  Storage  Assembly. 


5.  FIBRE  UNIT  INSTALLATION 

The  requirement  for  the  route  was  to  supply  eight 
singlemode  optical  fibres  befween  Gloucester  and  Painswick 
exchanges.  At  the  time  of  fhe  installation  only  four  fibre 
unit  was  available  therefore  if  was  necessary  to  install  two 
units.  Both  these  units  were  supplied  by  Optical  Fibres  pic 
and  were  successfully  installed  as  far  as  the  exchange  rack 
side  ducts  using  the  operations  described  in  section  3.  The 
installation  speed  was  typically  35  metres  per  minute  and 
did  not  slow  to  negotiate  the  1  in  5  gradients  encountered 
during  operation  2.  Figure  8  shows  the  gradient  profile  of 
the  route.  It  can  be  seen  from  the  profile  that  the  maximum 
installation  heights  was  in  the  order  of  200  m. 

Once  in  the  side  duct  the  fibre  unit  was  then  routed  onto  the 
shelf  through  a  short  length  of  small  bore  lube.  On  the  shelf 
a  breakout  unit  was  used  to  introduce  the  fibres  into  metre 
long  capillary  lubes.  Thus  terminated,  all  eight  fibres  were 
tested  using  an  Optical  Time  Domain  Reflectometer 
(O.T.D.R.).  The  tests  were  carried  out  from  both  the 
Gloucester  and  Painswick  ends  and  gave  an  average  loss  of 
0.33dB/km  at  1300nm  and  0.22dB/km  at  1550nm. 

Figure  9  shows  a  typical  trace. 


A  route  provisioned  using  standard  fibre  cable,  would 
typically  show  an  attenuation  of  0.51  dB/km  at 
1300  nm.  It  can  therefore  be  seen  form  this  trial  that  the 
use  of  Blown  Fibre  offers  a  potential  power  budget  saving  of 
35%  over  a  13.6  km  route  by  the  removal  of  intermediate 
splices.  Clparlv  tliis  may  in  the  future  enable  the  use  of 
longer  repeater  spacings  or  rr’?'n  cost  effective  transmission 
equipment. 

Figure  7:  Tandem  Blowing  from  Centre  Point. 
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Figure  9'.  O.T.D.R.  Traces  of  Blue  coloured  Fibre 
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6.  COST  EFFECTIVENESS 

A  comparative  cost  analysis  showed  that  the  cost  of  supplying 
an  eight  fibre,  14  km  link  using  Blown  Fibre  was  5.1  % 
cheaper  than  using  subducted  conventional  eight  fibre  cable. 
In  addition  having  used  Blown  Fibre  the  cost  of  supplying  a 
further  eight  fibres  at  a  later  date  would  be  31%  of  the  cost 
of  similarly  increasing  the  link  fibre  count  if  subducted 
cable  had  been  used.  This  would  be  achieved  by  Blowing 
Fibre  units  into  two  of  the  five  unoccupied  tubes  whereas  the 
cable  option  would  require  the  installation  of  another  route 
of  subduct. 

It  is  interesting  to  lake  the  cost  analysis  one  step  further  and 
consider  the  case  of  a  planner  making  the  decision  between 
provisioning  the  link  with  eight  or  sixteen  fib,’“s.  For  the 
purpose  of  this  comparison  a  notional  unit  has  been 
introduced  such  that  the  total  cost  to  supply  the  link  using 
subducted  conventional  eight  fibre  cable  is  100  units. 

The  follow  table  gives  the  cost,  expressed  in  notional  units, 
of  supplying  the  route  with  both  eight  and  sixteen  fibres 
using  Blown  Fibre  and  cable. 


0.000  km 


1  3,9  I  3  km 
dB 

3.0  7:86 


0.226dB/  " 
2.97786 
1  3.203  km 


8B. 

86 


8  fibres  16  fibres 
8  fibre  cable  100  200 

16  fibre  cable  •  115.2 

Blown  Fibre  (4  fibre)  94.9  126.3 


This  table  demonstrates  the  5.1%  saving  that  Blown  fibre 
offers  the  eight  fibre  provision  scenario  and  shows  that  if 
sixteen  fibres  are  required  on  day  one  then  sixteen  fibre 
cable  is  the  most  cost  effective  option.  However  when  the 
second  eight  fibres  are  supplied  as  spare  for  future  use,  as 
was  the  case  for  four  of  the  fibres  in  this  trial,  then  the 
costing  becomes  more  involved.  To  demonstrate  this,  the  cost 
of  the  planner  making  the  wrong  fibre  count  choice  (ie 
Provision  8  fibres  and  require  16  fibres)  is  considered. 

Provisioned  Required  Cost  of  Error 


1. 

Fibre  cable 

8 

16 

84.8 

2. 

Fibre  cable 

16 

8 

20.3 

3. 

Blown  Fibre 

8 

16 

11.1 

The  cost  of  error  figures  are  defined  for  each  case  as  follows: 

1.  The  additional  cost  incurred  from  insfalling  two  eight 
fibre  cables  instead  of  one  sixteen  fibre  cable. 

2.  The  additional  cost  of  provisioning  sixteen  fibre  cable 
instead  of  using  Blown  Fibre  to  supply  an  eight  fibre  link. 

3.  The  addilional  cost  of  supplying  sixteen  fibres  using 
Blown  Fibre  instead  of  a  sixteen  fibre  cable. 

These  figures  show  that  the  additional  capital  cost  of 
providing  eight  spare  fibres  in  a  sixteen  fibre  cable  is  20.3 
notional  units.  However  with  the  annual  percentage  rate 
(APR)  for  businesses  in  excess  of  20  %  it  takes  less  than 
three  years  for  the  cumulative  cost  of  provisioning  the  spare 
fibres  to  rise  past  the  cost  of  using  Blown  Fibre  to  supply 
eight  fibres  now  and  another  eight  fibres  when  they  are 
required. 

The  following  three  points  can  be  summarised  from  this  cost 
study. 

1 .  It  is  cheaper  to  supply  an  eight  fibre  link  using  Blown 
Fibre  than  using  subducted  conventional  eight  fibre  cable. 

2.  If  sixteen  fibres  are  required  on  day  one  or  within  two 
years  of  provision  then  the  cheapest  option  is  to  use 
conventional  sixteen  fibre  cable. 

3.  If  eight  fibres  are  required  now  and  the  second  eight 
fibres  are  not  required  in  the  first  two  years  then  it  is 
cheaper  to  use  Blown  Fibre  to  install  eight  fibre  now  and 
another  eight  fibre  when  required  than  to  install  a 
conventional  sixteen  fibre  cable  on  day  one. 

All  these  costs  are  based  on  using  two  four  fibre  units  to 
supply  eight  fibre  counts  therefore  the  use  of  eight  fibre 
Blown  Fibre  units  will  offer  the  possibility  of  further 
savings. 
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7.  CQNCUUSIQNS 

1 .  Two  14.5ktTi  continuous  lengths  of  four  fibre  Blown 
Fibre  unit  were  successfully  installed  into  a  13.6km 
route  between  Gloucester  and  Painswick.  The  installation 
used  a  combination  of  the  three  existing  BF  range 
extending  techniques:  centre  point  blowing,  tandem 
blowing  and  Pan  and  ELF  blowing.  During  the  installation 
the  fibre  unit  negotiated  gradients  in  the  order  of  1  in  5 
without  a  reduction  in  installation  speed. 

This  link  is  now  the  longest  unspliced  fibre  optic 
transmission  path  within  the  BT  underground  network. 

2.  The  cost  of  supplying  a  14km.  eight  fibre  iink  using 
currentiy  available  Blown  Fibre  technology  is  5.1  %  less 
than  the  cost  of  using  contract  labour  to  install  subducted 
conventional  eight  fibre  cable.  In  addition  the  cost  of 
increasing  the  routes  fibre  count  at  a  future  date  is 
approximately  31  %  cheaper  than  the  cost  of  using 
conventional  cable.  This  is  realised  by  blowing  fibre 
units  into  unoccupied  tubes  whereas  the  cable  option 
requires  the  installation  of  another  route  of  subduct. 

3.  If  a  link  requires  sixteen  fibres  on  day  one  or  within  two 
years  of  provision  then  the  cheapest  option  is  subducted 
conventional  sixteen  fibre  cable.  However  if  eight  fibres 
are  left  unused  for  two  years  or  more  it  is  cheaper  to  use 
Blown  Fibre  to  install  two  eight  fibre  links  as  they  are 
required. 

4.  The  total  link  attenuation  was  4.46dB  at  1300nm  and 
3.05dB  at  1500nm  giving  attenuation  per  kilometre 
values  of  0.33  dB/km  and  0.22dB/km  respectively.  This 
represents  a  potential  power  budget  saving  of  35% 
compared  with  using  standard  fibre  cable  whch  typically 
has  an  attenuation  of  0.51  dB/km  at  1300  nm. 

5.  The  prototype  storage  assembly  devised  to  handle  the 
13.6  km  length  of  fibre  unit  was  based  on  the  existing 
fibre  Pan  storage  system.  This  prototype  pan  storage 
assembly  incorporated  special  loading  to  allow  access  to 
both  fibre  unit  ends  and  spacer  rings  to  prevent  the 
weight  of  the  fibre  unit  compressing  the  lower  layers  . 

Both  these  features  proved  valuable  for  ease  of 
installation. 
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In  situ  characterization  and  reliability  study  of  coatings  on 

optical  fibers 
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Abstract 

Methods  to  characterize  In  situ  the  coating  on 
optical  fibers  were  established  and  the  long  term 
stability  of  coatings  in  filling  compounds  was 
evaluated  using  these  in  situ  methods  for  two  fibers 
COR  and  UFO.  TGA  analysis  show  that  COR  coating 
has  a  thermodegradation  activation  energy  of  145±2 
KJ/mole  and  UFO  is  155±4KJ/mole.  COR  contains 
more  weights  of  volatile  components,  an  indication  of 
under-cure.  The  in-situ  DMTA  results  shown  as 
measurable  damping  signals  and  dynamic  modulus  are 
as  clear  as  to  be  distinguishable  between  COR  from 
UFO.  Shifts  of  damping  signals  due  to  aging  in 
jelly  filling  compounds  were  observed,  and  a  total 
loss  of  mechanical  properties  can  occur  when  UFO 
fiber  was  aged  in  JF  Jelly  at  100  C.  The  FT-IR 
applied  by  ATR  or  reflection  technique  presents 
spectra  as  good  as  regular  spectra.  The  spectra 
indicate  all  fibers  coatings  are  urethane  based 
acrylates,  and  the  absorption  of  Jelly  compounds  by 
coating  can  be  monitored.  Jelly  compounds  tends  to 
be  absorbed  more  by  UFO  than  COR.  Results  of 
absorption  of  Jelly  compounds  can  have  drastic 
effect  on  alternating  the  mechanical  performance  of 
coating. 


1  nt.roduct,  ion 

Polymeric  coatings  is  necessarily 
adopteil  as  the  protection  material  for 
opt  ieal  fihc'rs  in  presc-rving  optical  fiber 
st  rc'ngt  h  .  '  '  ’  They  protect  the  gla.ss  surface 
from  moisture  attack  and  prevents  flaws  from 
pi'opagat  ing.'^’  In  a  typical  o[it  ical  cable, 
the  coatc'd  fibers  are  submc-rged  i  tt  water¬ 
proof  fill  ing  com()oiirids' or  surrounded  by 
wa  tc>  r-b  I  ocic  i  rtg  swellirrg  ma  t  c’r  i  a  I  s' '  ’ .  A 
[rotential  interact  ion  between  fiber  croatings 
and  wa t e r- b 1 oc  k  i  ng  materials  that  may  lead 
to  the  changes  cjf  chemical,  physicril,  and 
mechanical  [>ropertic*s  on  coat  ings  always 
c'xists.  Subsecpien  t  1  y  ,  a  transmission  loss 
can  be-  i  ridiic  c-d  .  Thejugh  coat,  ing  pc' r  f  o  rmance 
is  claimed  to  be  we  1  I -behavc'd  in  general, 
t  hc' i  r  long  tc'rm  stability  still  in  dcjubt 
most  ly  by  users  due*  to  lac  k  of  stanciar'd 
evaluat  ing  methods  and  unknown  effects 
exert  ing  by  the  divcT'se  f  i  I  I  i  rtg  compounds 
and  swelling  matc'rials  from  differc-nt 
sources  iisc-d  in  the  manufacturing.  In 

add  i  t  ion,  c  ha  rac  t  C' r  i  x.a  t  ion  of  coating 


Laborato  r i es 
,  Taiwan,  R.d.f. 

prejpe-rties  is  usually  done  on  simulated 
f  i  1  ms  . '  ^  ’  This  1  c'ads  t  o  add  i  I  i  ona  I  cjues  I  i  cjtis 
of  how  cicsse  will  be-  bc'twc'en  simulatc'd 
coat  ing  f  i  I  ms  and  coatings  un  real  fibers 
bc'caiise  the*  processing  cc:)nd  i  t  i  cjns  may  not 
be  exact  ly  the  same.  As  a  result  ,  to  obtain 
d  i  rc'c  I  attd  rc'alistic  information  on  coating 
pc'f  formance  ,  in-situ  tc'st  s  of  the  proi>erties 
of  coatings  is  practically  needed.  The 
established  in-situ  methods  then  can  be  used 
on  on-  1  i  nc'  epra  1  i  t  y  assn  rancc'  for  manu  f  ac  t  u  rc' 
and  cjn  long  term  reliability  evaluat  icyn  for 
use'  I  S . 

The  evaluation  of  coaling  reliability 
first  cromc'S  to  its  thermal  stability  under 
various  environments.  For  this  inirpose, 
the'  thermal  analysis  of  thermogravimetry 
(TGA)  is  a  standard,  iiractical  methocl  and 
is  often  performed  to  measure  the  material 
stability  in  predicting  aging  and  res  i  s  tanc.e 
to  env  i  I onmc'nt  a  1  t?x(>osurc‘  for  [colymeric 
materials  such  as  optical  fiber  coatings. 
Furl  hc'rmorc' ,  in  ordc'r  to  obtain  usc'ful 
i  nforir.'-*t  i  on  that  suggests  the  cor'related 
end-usc'  mec.hanical  anti  structural 

per  formanc.e ,  dynamical  mechanical  analysis 
(  DM  PA )  is  necessary  tty  pc'rform  to  uncover 
structural  information  such  as  glass 
transition  tempc'raturc'S  cjr  c'xteni  of 
crossliukage  or  degree  of  degradation. 
Finally,  the  chemical  and  physical  changes 
of  coating  due  t,o  en  v  i  ronnien  I  a  1  aging  such 
as  the  absorpt  ion  of  jel ly  filling  compounds 
by  coatings  can  be  dc'tectc'd  by  an  inffared 
spt'c  I  romt' to  r  through  ATW  t  c't  hn  i  cpies  .  All 
measurements  are  direct  ly  conducted  on  real 
oi'tical  fibc'Ts  without  spc'cial  sami'le 
I>re[>.Hral  i  on  .  Such  in-situ  characterization 
offc'rs  the  Ic'ast  sami'lc'  pc'rturbal  ion  and  is 
much  more  real istic  with  the  advantage  of 
simplicity  and  s  t  ra  i  gh  t  f  o  rwa  rd  nc' ss  . 

F.xper  i  men  t.a  I 

Mat  t-  r  i  a  1 

Two  differt'nl  commercial  available, 
unco  I  o  r  i  zc'd  opt  ical  filu'rs  wc'ru'  obt  a  i  nc'd  and 
diri'ct  ly  used  in  all  measu  remc'ti  I  s  and  aging 
c'X  pi' r  i  mc'n  t  s  .  I'hey  are  dc'signated  as  ('<1R  arnl 
I'Fl).  All  fibi-rs  have  a  total  diameter  of 
ca.  2ri0  pm  with  I’t'imary  and  sc-condary 
cciat  ings  coated  on  the  bare'  fiber  (  I2.a  pm 
in  d i ame ter). 
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Number's  ol'  1' i  x  lengt  h  of  fibt't's  were 
immersed  in  filling  compounds  JC  and  JK  for 
COR  and  UFO  respect  ively.  Ttiey  were  aged  at 
50  C,  70  and  lOO'C,  and  rc'moved  for 

analysis  al  selected  times.  All  fibers 
removed  from  filling  compounds  for  analysis 
were  first  r'ubbed  with  a  commercial  "Filled 
Cable  Cleaner”  to  remove  surfaclal  residual 
je  1  I  y  f i  1  1  i ng  compounds . 

1  be rmog rav  i me t  ry  Analysis  (TOA) 

■Sample  of  fibers  were  cut  into  lengths 
of  1--3  mm  and  direct  ly  used  as  the  spiecimen 
for-  TCiA  analysis.  The  analysis  was 

performed  in  a  HerUin-Elmer  TGA-2  sysi.em 
under-  nitrogen  atmosphere  using  a  samp'e 
weight  of  ca.  5  mg.  romperal.u  re  was 

scanned  from  50  to  650  C  with  heating  rates 
(B)  of  5  ,  10  and  20  per  minute.  Various 

conversion  were  used  in  t:o  nj  unc  t  i  on  with 
different  heating  ratr's  to  calrulate 
thermodegradation  activation  ener'gy.  It  was 
done  in  a  data  station  usirig  a  decomposit  ion 
kinet  ics  software  based  on  Doyle,  Ozawa, 
Flynn,  an<i  Wall  proposed  approximation"’’. 
tJsing  various  heating  rates  and  assuming 
i  so  f  r'ac  I,  i  ona  I  convr'rsion,  the  approximat  ion 
solut  irrn  can  be  f  rr  rmu  I  a  t  eii  as: 

-  d  (logo)/  d  (T)''  '  0.157  (Fa/R),  where  0 
is  tlie  heal  i  ng  r-ate,  f  is  the  t  empe  rat.  u  rr* , 
and  Ea  is  the  act  ivat  ion  ener-gy. 

Dynamic  mecharrical  analysis  (  OM'f  A  ) 

DMTA  was  conrlucteii  in  a  Polymer 
l.abo  ra  t.  o  ry  PI, -DMTA  using  a  dira  1  cant  i  lever 
measuring  f  i  x  t  u  r'e  .  Tlie  sample  was  scanned 
from  -60  t;  to  90  C  in  a  heal  i  ng  rate  of 
3  /min  anil  a  fr'equency  of  1  Hz.  Each  sample 
was  c.-ompost'd  of  10  fibers  (35  mm  in  It'ngth) 
arranging  in  fiaral  lei  anil  was  mount  e<l  on  the 
fixture  using  a  torque  screw  driver  at  10 
c\-m  of  torcpie.  The  sample  geometry 

constant  was  calculated  from;  free  length=7 
mm,  sample  widt.h=  10  mm,  and  sample 
lhickness=  .25  mm.  ITie  mounted  sample  was 
shown  in  F i g . I . 


Fig.  I  Saiiqde  mounting  for  DMfA  measurement 


Infrared  Spectrum  analy.sis  (IR) 

Using  the  attenuated  total  reflectance 
(ATR)  technique,  the  surfacial  change  of 
coat  ings  was  monitored  liy  a  broker  lFS-85 
FT-IR.  Eai.h  sample  was  composed  of  18 
fibiT's  with  a  length  of  10  mm. 


Results  and  Discussion 
file  rmog  rav  i  me  t  ry  anal  y  s  i  s 

Thermog ra V i me t r i c  curves  (TO)  and  the 
corresponding  1)  ft!  curves  of  two  tested 
optical  fibers  (UFO  and  COR)  are  shown  in 
Fig,  2.  I'he  coatings  on  both  fibers  have 
similar  temperatures  on  the  onset  and 
endpoint  of  decomposition  when  under 
nitrogen  atmosphere.  Tli  i  s  is  consistent 
with  the  fact,  that  both  fibers's  coatings 
are  urethane  acrylate  (see  the  TR  spectra 
in  Fig.  1  1 -a  and  113-a),  and  their 
degratlation  are  govern  by  the  same 
dei.ouqios  i  I  ion  temi>erat  ures  that  cont  ro  1  s  t  he 
degradation  of  po J y u re t hane  acrylate. 
However,  the  individual  decomposition 
(irocess  is  quite  characteristic  to  he  easily 
distinguished  from  each  other.  As  shown  hy 
the  TO-DTlj  curves  between  200  and  -180  C, 
t.FO  ('xhibits  two  slagr's  of  decompositions 
corresponding  to  the  differential  TO  peaks 
(DTO)  peaks  al  313  and  -116  C  while  COR  only 
givrrs  a  major  we  i  gh  I  -  1  oss-change  at  402'C. 
.Also,  When  comparing  al  the  same 
decompos  i  I  i  on  t  emi>erat  ures  ,  UFO  gives  up 
less  volatile  components  than  COR  at  the  low 
conversion  region.  The  less  conversion 
■shown  liy  UFO  indicates  that  UFO  is  more 
stable'  than  COR.  In  addition,  the  profiles 
of  degr.adat  ion  curves  for  the  same  samjile 
origins  are  all  reproduc  i  bl  ('  regardless  the 
variat  ion  of  sample  batches,  weights  (fr-om 
liiig  to  10  mg),  and  heating  r.at.es  (5  to 
20  /min).  The  i  nd  i  f f e rence  o f  sample  weight 
and  batches  on  the  degradation  profiles  is 
a  (irove  that  measuring  conditions  (samjile 
weights)  are  we  I  1  - f  i  I  I ed  into  the  rang 
without  causing  perturbations.  It  may  be 
du<'  to  the  samples,  which  are  pieces  of  cut 
fiber's  at  1-3  mm  length,  is  unified  in  the 
shape  through  all  mf'asuring  circumstances. 
This  is  ap)iarenl,  an  advantage  by  direct  ly 
talking  the  fibers  as  the  sample  s[iec  imens 
(  i  .  e  .  in  situ  t  I's  t  )  for  measu  rernen  t  . 

The  f  ■  h  a  r  a  c I  e  r  i  s  t  i c  dissimilar 
degr-adat  ion  cur'ves  shown  on  COR  and  UFO  can 
tie  result  ing  from  thr*  differentt'  of  matf'rial 
or  igins  or-  the  discrepancy  of  curing  process 
i  Hip  1 1'liK'n  t.od  on  COR  and  I  FO .  The 
distinguishable  diffr'rence  shown  tiy  Fig.  2 
i  nqi  I  ies  tliat  TGA  is  possible  usi'd  as  a 
qualitative-  method  to  identify  t  hi’  origin 
of  fiber  or  the  degr'ee  of  cure.  Fig.  3  and 
Fig.  1  are  the  t  he  rmog  rav  i  me  t  r' i  c  degradation 
(  TCi  )  curves  and  different  iai  I'G  (  D  ft,  )  of  COR 
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and  L'FO  f  ibers  at  various  beat  inf?  rates. 
All  figures  display  a  shift  of  <tegradation 
curves  t.o  higtier  temperatures  for  tiigher 
heat  ing  rates.  The  degradation  activat  ion 
eneigy  ( )  at  a  part  icular  conversion  can 
tie  derived  Ijy  plot!  ing  log  B  vs.  T"’  of 
various  heating  rates.  The  calculated 

results  ar<>  shown  in  Fig.  fi  as  a  plot  of  K_, 
versus  conversion  for  COR  and  UFO.  F'ig.  5 
indicates  ttiat  the  values  for  UFO 

conserge  to  a  value  of  Ififitt  KJ/mole  after 
f)%  of  conversion,  whi  If'  for  COR  I  tie 
converged  s.alue  appe/ii's  only  after-  10%  of 
ftuiversion  al  115+2  KJ/mole.  Both  values 
ai-e  consistent  witti  r-eported  tlu'rnio- 
df'f  fjmpos  i  t  ion  '..'lines  for  po  I  y  u  re  t,  haiu'  ( 

1  1  1  .  9-- 1  (iO  .  9  K.J/mole'^' )  .  For  low 

con  v(*  rs  i  ons ,  t  hi*  \alu(*  is  lower  than 
acc  eptable  pc^Iymer  decomposit  ion  values. 
It  may  be  ccjnt  r  i  but  eit  from  ttie  evaporat  inn 
of  low  mo  1  ecti  I  ar-wo  i  compounds  such  as 

add  i  t  i\es,  or*  from  t  tie  dec'omf>osit  ion  o  I' 
uncurod  monomc*rs.  The  comparison  of  lorit? 
term  stabi  1  ity  between  l.'FO  and  r(')R  can  be 

pf'fceived  by  comparjnt?  the  ac:  t  ivat  ion 

enep'^ies  in  Fig.  r>  .  (.'OR  exhibits  not  only 

act  ivat  ion  t*nergios  lowc'r  than  bFO  at  high 
conve  !'s  i  on  ra*gion,  hut  also  at  lower 
convc'rsion  rc'gions.  The  higher  implies 

more  stable  in  (he  long  term.  .So  eoat  i  ngs 
on  l.'FO  is  likely  diu-ahle  than  that  on  (”()R . 
Moreovf'ft  the  more  c.-onversion  rc'cju  i  red  for* 
rOH  to  t*eaeh  t  tic*  converged  decomposition 
t'n('r*gy  implies  t  tial  more*  percc'ntage  of  easy 
decompos  i  t.  i  on  materials  oecopy  in  t  tie  I'OR 

(•(.lalings.  It  may  shortcMi  the  I  ifcM  inies  of 

ccjatings  wtu*n  t  tiese  materials  are  t.aken  into 
account.  sinc.'C'  t  tiey  corrc'Sfond  to  Icjwer 
iif»compi)sil  ion  energies.  As  a  I’esu  1  t  ,  if  (tie 
low  act  ivat  ion  c'ru'rgy  d(*graciat  ion  dominate* 
oT-  have  a  significant  effi-ct  on  t  tie  overall 
dc'gradat  ion  ()rc)C(*ss,  t  Ik*  stability  of  ('OR 
c()at  ings  may  t>e  »J<^nht  fu  I  . 

Dynamical  nic'c  ti.an  i  ca  1  analysis  t  DM'f  A  ) 

Fig.  h  /ind  Fig.  H  repr'esenl  the  in-si  tu 
DM  r.\  rt'sulls  of  fihc'r  COl^  and  liFo 
respc'c  t  i  ve  I  y  .  Both  sh«.)w  a  rec<.)gn  i  zah  I  e 

damping  signal  (peak  of  tan  dc'lta)  t>ut  in 
different  (  enit)e  r-a  t  u  i  f*  reg  i  ejn  .  The  <ia mp  i  ng 
signal  is  an  indicat  ion  (j  f  the*  sc'cc^ndary 
j)tiasf*  transition  of  coating  such  as  t.tie 

glass  transit  ion  and  t  tie  diffcTC'nt  residing 
t  empe*  !-at  II  res  fcM’  ('()K  arnl  I'Fc^  imp!  les  they 

arc*  <i  i  f  ff*  rc’Ti  I  in  me;  I  f*c-  u  1  a  r  s  t  rue  t  u  r*c»  w  i  t  ti 

difft*r'*nt  mechanical  [>ropc*rd  ies.  Ttie  c-ur'vo 
of  .storage*  modu  j  us  is  shown  a.s  an  unc-ommo/i 
pr'>rile  tti.'it  differc’nt  frcjm  a  regular  DMT.A 
curse*.  .Actually,  t  ti  i  s  is  a  c  tia  r-ac- 1  c*  r  i  s  t  i  c- 
indicat  ion  i.>f  fiber*  st  ructure,  wtijcti  is  a 
glass  rit)«*r  wr'.api»c'cl  w  i  I  ti  a  large*  port  ion  (jf 
polymer-ic  coat  ing.  At  low  t  c'ni  |>e  r-a  t  u  r’C’s 
wt»c*rc  t)f' 1  ow  tin*  coat  ing’s  fp,  t  tu*  coat  ing  is 
iji/itc*  hard  .and  I  tie  mc’c  h/i  n  i  c.a  1  rc*sponsf'  is 
mostly  c  cjn  t  r  i  hu  t  e*d  tiy  the  part,  of  polym<»r*ie 
oc.>at  ing.  WhcTi  ttie*  (  c'nipc*  ra  I  u  rt*  incrr*ases, 
tin*  r-oat  ing  gradual  ly  becomes  softer*  and  the 
storage  modulus  gradually  decrc’ases  to  a 


minimum  wtiere  ttie  meetianical  response  from 
grass  fiber  l)f'cc3nic*s  significant,  and,  all 
of  a  sudden,  the  mc>dulus  rises  to  a  higher 
saturated  value*  t,hat  cc:) r responds  to  a  pure 
glass  fiber  modulus.  Therefore,  cjnc*  can 
observe  ttie  T^  of  coating  cin  1  y  at.  low 
temperature  r(*gion  wtiere  damping  sign/il  is 
the*  respcjnse  of  c*oat.ing.  At  higti 

t  empc'r/itu  rc* ,  the*  damping  signal  is  d<,>m  i  ria  l.<*d 
by  ttie  glass  fiber. 

Fig.  7  shows  ttie  DMT.A  rc'sults  c^f  (’(IK 
filler  agt*ii  i  ri  .JC  Jel  ly  f  i  j  i  ing  compound  tcir* 
one  week  at,  GO  (Fig.7-a),  70  (Fig.7-b),  and 
100  (Fig.7-c).  rtie  Jelly  immer'sed  aging 
appar(*n(  ly  rf*sult.s  to  a  stiift.  of  damping  ( 

signal  from  —31  to  -12  C .  Ttiis  is  due  t.o 
(tie  absorption  of  Jc'lly  comfiound  tiy  t  tic* 
coat  ing  (see  following  TR  st.udy  )  and  such 
act  ion  can  cause*  a  st,  rue  t.u  r-a  1  c.tiange  of 
coating  ttiat  may  alter  its  mechanic-al 

pc*  r  To  rmance  to  g  i  \  urif*\ pf»c- 1  f*d  rf*su  1  t  s  of 
overall  filler  pe  r  f  o  rmanc.e  .  High  tempe  r-a  t  u  re 
iig  i  ng  suc.ti  at.  100  C  as  in  Fig.7-c;  shcjws  a 
much  pronounced  aging  effect  that  may  tiave 
complf*te*l>  soft-oned  t  tic*  coat  ing  as  evldc*nc  ('d 
by  (tie  flat  storage  nmdulus  profile  and  the* 
appc'a  ranee  of  a  sc'cond  liamping  signal  at 
3.G  (’ .  Ttie  flat  F’  curve  means  ttie 

mec  hanical  response  is  coming  from  ttie  glass 
filler  ttirougli  the  t  empe  ra  t  u  !*e  scan  since 
only  glass  f  i  lx*  r  give*  ru*aT*  no  changes  of 
meehanical  response.  Fig.  9  aruj  Fig  10  stiow 
t.tie  DMT.A  r(*s\i  1  1  s  of  l.Td')  fiber  agc*d  in  .J  F 
jel  ly  filling  c;ompound  for*  1  wt*ek  and  I  week 
at  r>0'(*  (Fig,  9-a  and  Fig,  10-a)  and  70  (‘  , 

(Fig.  9-b  and  lO-ti).  Ttie  results  of  aging 
at  100  (’  was  not  atilc*  t.o  obtain  since*  (tie 
L'FO  coating  tiave  already  (jegra<jed  to  tear- 
off  by  i  t  s(*  1  f  urid(*r  suc  ti  eonditicjn. 

However*,  tJie  aging  effect  stiown  on  Fig,  9-  j 

a,t>  and  Fig.  ]()-a  results  t.o  no  apparent  ' 

stiift  of  damping  signal  (-22  (.' )  r*egar‘d]ess 
The*  absori>l  ion  of  Jelly  compc-iund  .  Yr*t  i 

Fig.l0-t>  stiows  a  shift  of  damping  signal  to 
-10  (■'.  Table  1  and  2  summarize  (tie 

t  empe  r-al  u  res  of  damping  signals  and  pf*aks 
of  loss  mociuJu.s  (  K”  )  for  ('()K  and  l.'FfJ  fillers.  j 

.As  stiown  tiy  (tie  i*esults,  the  absorpt  ion  of  j 

JeJ  Jy  c'onipourids  tiy  c  oat  ing  m;iy  a)  l.er  f*oat  ing 
performance  and  cause  its  meetianical  I 

pc*r  f  o  rmarK.  e  become  mo  re*  t. (*mfi(*  r*a  t  u  r*<'- 
depencienl  .  Suc  ti  effects  exerted  by  Jel  ly 
compounds  .and  promotc'd  tiy  temperature  arc* 
n<*c*essary  t,o  nut  jc;e  when  ttie  re  I  iabi  1  ify  of 
eo.'il  ing  performance  is  a  mat.tc'r*  of  concf*rn. 


Infraired  Spect  rum  .analysis  (IK) 

l.'sing  111*'  Attt'iiuated  Tot.al  Reflection 
(  ATK  )  t.ectin  i  epic* ,  t  tu*  infi-arc'd  spc'ctrum  of 
coal  ing  (*an  lie  direct  Ly  measure*!  wittiout 
furlticT  sample*  pr«*pa  ra  t  i  on  .  Fig.  1  1 -a  i  .s 
ttie  IR  spectrum  of  TOR  and  is  shown  as  an 
urc'ttian  acrylate*.  Fig.  11-t)  is  the  IK  of 
Jel  ly  fill  ing  comtiound  JC  and  is  stiown  as 
a  typical  tiyd  rocartions  (1377,  1  1 G  7  ,  and  2920 
cm'*)  r*ompoun«lf*d  witti  silic-a  (liroati  peak  at 
M03  cm"').  Fig.  12  slujws  ttie  IK  spectra  of 
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(?(1K  coat  i  nt;  at'cij  in  ,jcl  I  y  J(,'  foi-  8  wt'oks  at 
f) 0  t'  (  K  i  .  I  2  -  a  )  ,  70  (7  (  K  i  .  1  2 - 1) )  ,  anti  1  00  '  (7 

12-i).  I'hn  IR  of  aiSoii  saiiiplt's  show 
a  ilear  intensity  tncr-easo  on  fin*  (."-H 
st  rotoiiint;  at  2923  and  2858  cni"'  and  a 
modoratf  incroaso  ;tl  13  7  5  cni'*.  This  is  an 
intlitat  ion  that  the  Jelly  compounti  has  been 
altso  idtf'fl  tty  tin*  eotit  i  nif  .  'ftit^  dettra^e  of 
absor'i>t  ion  iticrt'ases  as  t.he  ai;  i  ny; 
t  empe ra t  11  ne  inc  teases.  fhis  is  shown  t>y 
Fit?.12-f  whene  the  1377  [teak  is  mueh  shar|>er 
to  dominate  its  neighlioi-  peak  while,  in 
Fitt.l2-a,  it  sliows  as  a  donblet  w  j  t  ti  its 
neiyjtibof  peak.  The  t-ffects  is  mueh  nior<> 
pronoi  ed  in  UF*)  fiber  asteti  in  .IF  filling 
eonipound.  As  show  in  Fig.l3-a  (UFO  fiber 
IR),  Fig.  13-b  (JF  Jelly),  Fig.  M-a  (UFO 
aged  in  .IF  at  50  t' )  ,  Fig.  11-b  (UFO  aged  in 
JF  at  7 0  (' )  ,  and  Fig.  l  l-e  (UFO  aged  in  JF 
at  100  I'),  file  intensity  at  2923,  295  1  eni"' 
and  1157  em"'  inerease  as  t  tit'  aging 
t  emt>e ra f  11  re  inerease.  Fig.  l  l-e  shows  a 
tremendous  absorption  of  Jelly  eompoiind  and 
one  e.an  observe  by  eyes  Itiat  the  eoat  i  ng  is 
almost  torn  down  already.  By  eomparirig  Fig. 
12  and  Fig.  11,  UFO  eoat  i  ng  ap[iarent  1  y  is 
mori'  suseepi  i  ti  1  e  to  JF  jelly  than  UOR  t.o  JU 
Jelly.  Ttie  infrared  speetra  give  the 

evidence  th.at  the  jelly  can  be  tilisorlied  bv 
coating  and  DMTA  results  show  it  may  have 
drast  ie  effect  to  all.t'r  t  hf'  meetianiea) 
performance.  Quant  it  at  ive  correlation 

betwi'en  the  degree  of  absor(il  ion  and  DMTA 
results  is  necessary  and  is  current  ly 

undergoing  to  elucidate  the  c'ffects  of  jelly 
on  the  ct>al  ing  of  opt  ical  fiber. 


Table  1.  Temperatures  of  t  ati  delta  and  K 
for  COR  fiber 
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Co  no  I  us i on 

1  ri  s  i  t  11  testing  techniques  f  o  r  coa  t  i  ng  s 
on  Old  icjil  fibers  wi'ri'  successfully 
dev<-loi)ed  by  overcoming  some  samji  I  e  handling 
problems,  which  were  I  rjid  i  t  i  oria  I  I  y 

corns  i  lie  r-ed  ilifficiilt.  The  in-sitii  mfdhods 
offer  rajiid,  inexpensive  measiirenient  ,  and 
the  least  sami>ie  prepar-ative  perturbat  ion 
s  i  ni;e  t  hr*  fibt'rs  w-<'rf‘  direct  ly  usinl  in  the 
analysis.  Unlike  general  coat  ing 

chiirac  I  er- i  zat  i  on  of  using  simulated  film 
samples,  in-si  til  analysis  of  coating  give 
the  ni'sl.  r-ea  I  ist  ii  measurement  on  end- 
product  t>roperl  ies.  The  simplicity  and 
st  raight  forwardness  gr.nit  the  advantage  to 
use  these  metliods  in  sturjyirig  the  long  term 
stability  of  fiber  coat  irigs.  As  a  result  , 
the  env  i  i-onmen  t  a  1  degradat  ions  of  coating 
raused  by  heat  ,  interai-l  ion  with  fil  1  ing 
comi>oiinds  were  examined  iiy  in-situ  TUA, 
DM  fA ,  and  A'lR-lR.  I'he  results  show  that 
jel  ly  compound  can  be  alisor-bed  by  coiiting 
and  cause  a  change  of  mechanical 
perfo>mance .  Thi-  effect  can  not  be 

overlooker!  since  the  long  term  stability  of 
coaling  on  fibei-.s  is  a  major  concern  for  the 
overall  protect  ion  of  optica!  fiber. 
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I  Fig. 2  TG  and  DTG  of  COR  and  UFO  fibers 
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ABSTRACT 

The  combination  of  corrosion  and 
mechanical  wear  process, so  called  wear- 
corrosion,  can  promote  the  degradation  of 
the  armor  metals  of  buried  submarine 
cable.  A  laboratory  technique  to  study 
the  wear-corrosion  is  presented  in  this 
work.  In  addition  to  the  electrochemical 
measurements,  the  measurements  of  coeffi¬ 
cient  of  friction  during  the  wear- 
corrosion  process  are  also  carried  out. 
The  results  show  that  although  the  coef¬ 
ficient  of  friction  and  mechanical  wear 
loss  of  stainless  steel  are  higher  at 
cathodic  potentials  than  at  the  open  cir¬ 
cuit  potential,  cathodic  protection  is 
still  beneficial  because  it  stops  the 
high  corrosion  rate  promoted  by  the 
mechanical  wear  process. 


INTRODUCTION 

Wear  unavoidably  occurs  between  the 
contacting  and  relatively  moving  bodies. 
The  coefficient  of  friction  can  be 
changed  by  the  corrosion  products  on  the 
wear  surface.  On  the  other  hand,  the  cor¬ 
rosion  behavior  of  materials  also  be  in¬ 
fluenced  by  the  wear  process.  This  com¬ 
bination  of  electrochemical  corrosion  and 
mechanical  wear  process,  so  called  wear- 
corrosion,  can  assist  the  degradation  of 
the  relatively  moving  bodies  in  a  cor¬ 
rosive  environment  [1.21. 

The  galvanized  steel  and  stainless 
steel  are  usually  used  as  the  armor  wires 
in  submarine  cable.  The  corrosion  be¬ 
havior  of  these  metals  have  been  well 
known,  however,  the  wear-corrosion 
properties  emphasizing  the  interaction 
between  corrosion  and  wear  are  not 
clearly  understood  until  now.  Wear- 
corrosion  of  stainless  steel  has  been 
reported  (3.41.  While  a  fundamental  ex¬ 
amination  of  the  changes  in  friction 
coefficient  and  corrosion  behavior  during 
the  wear-corrosion  process  of  stainless 
steel  has  not  been  reported.  It  has  been 


shown  15.61  that  the  friction  coefficient 
strongly  depends  on  the  corrosion  condi¬ 
tion  of  metals  and  plays  an  important 
role  in  wear-corrosion  process. 

In  this  paper,  a  laboratory  technique 
simulating  the  wear  process  between  the 
armor  wires  and  sea  sand  is  presented. 
The  wear-corrosion  characteristics  is 
evaluated  by  measurements  of  friction 
coefficients,  ac  impedances  and  anodic 
polarization  curves.  The  object  of  this 
study  is  to  investigate  the  wear- 
corrosion  properties  of  armor  wires  of 
submarine  cable  in  3%  NaCl  solution.  A 
suggestion  of  minimizing  the  wear- 
corrosion  rate  of  armor  metals  by  poten¬ 
tial  control  method  has  been  provided  in 
this  work. 


EXPERIMENTAL 

In  this  study,  the  galvanized  steel, 
304  and  316  stainless  steels  were 
prepared  as  the  cylindrical  specimens  (20 
mm  in  diameter  x  20mm  in  length).  The 
metallic  coating  thickness  of  gal¬ 
vanized  steel  v;as  100  urn  and  the  basal 
metal  of  galvanized  steel  was  a  carbon 
steel.  The  cylindrical  specimen,  rolling 
at  a  constant  speed  of  100  rpm,  was 
abraded  by  a  ceramic  plate  under  a  load 
of  0.2  kgf .  Each  specimen  was  abraded  by 
the  ceramic  plate  for  two  hours  in  3% 
NaCl  either  under  potentiostatic  control 
or  at  their  open  circuit  potentials  .  The 
mass  loss  rate  was  determined  by  weight 
and  expressed  in  minigrams  per  hour 
( mg/hr ) . 

In  order  to  estimate  the  wear- 
corrosion  properties,  friction  coeffi¬ 
cient,  ac  impedance  and  anodic  polariza¬ 
tion  curve  of  specimen  were  measured 
during  the  wear-corrosion  process.  The  ac 
impedance  measurements  were  made  at  the 
natural  potential  (Ecorr)  with  a  10  mV 
a.c.  signal  over  the  frequency  range  from 
10  kHz  to  5  mHz.  The  reference  electrode 
is  a  saturated  calomel  elec-  trode(srE). 
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RESULTS  AND  DISCUSSIONS 


A  summary  of  the  results  of  mass  loss 
rate  are  shown  in  Table  1.  The  mass  loss 
rate  of  specimens  are  measured  in  three 
different  conditions,  namely,  wear- 
corrosion  condition,  mechanical  wear 
condition  and  natural  corrosion  condi¬ 
tion.  The  wear-corrosion  rate  is  deter¬ 
mined  by  the  mass  loss  of  specimen  at 
the  open  circuit  potential  during  the 
wear  process.  The  mechanical  wear  rate  is 
measured  at  the  cathodic  poten¬ 
tial  ,  namel  y  ,  -500  mV  vs.  Ecorr.  At  such  a 
cathodic  potential,  the  electro-  chemical 
corrosion  is  stopped  and  the  wear  is 
purely  mechanical.  The  natural  corrosion 
rate  is  determined  by  the  mass  loss  of 
specimen  in  the  natural  corrosion  condi¬ 
tion  without  the  mechanical  wear.  There 
are  no  obvious  mass  loss  being  measured 
for  304  and  316  stainless  steels  during 
the  immersion  time  of  two  hours. 

The  wear-corrosion  rates  of  gal¬ 
vanized  steel, 304  and  316  stainless 
steels  are  2.26,0.88  and  0.58  (mg/hr) 
, respectively , as  shown  in  Table  1.  The 
wear-corrosion  rate  of  specimen  increases 
in  the  order: 

316  SS  <  304  SS  <  galvanized  steel 

Under  the  cathodic  protection,  the 
mechanical  wear  rates  of  galvanized 
steel,  304  and  316  stainless  steel  are 
1.10,  0.36  and  0.25  (mg/hr),  respec¬ 
tively.  The  mechanical  wear  rate  of 
specimen  increases  in  the  same  order  as 
the  wear-corrosion  rate  does.  It  should 
be  emphasized  that  the  wear-corrosion 
rate  (A)  of  each  specimen  is  higher  than 
the  summation  of  mechanical  wear  rate  <B> 
and  natural  corrosion  rate  (C)  in  Table 
1.  If  neither  the  corrosion  rate  nor 
friction  coefficient  of  specimen  are 
changed  by  the  wear  process  in  a  cor¬ 
rosive  environment  ,  the  wear-corrosion 
rate  of  specimen  is  expected  to  be  simply 
equal  to  the  summation  of  mechanical  wear 
rate  and  natural  corrosion  rate.  The  dif¬ 
ference  between(A)  and(B*C)  represents 
additional  mass  loss  rate  caused  by  wear- 
corrosion  and  can  be  thought  to  be  an 
index  of  wear-corrosion  property  of 
materials.  A  wear-corrosion  factor, 
namely  ,F,  is  defined  in  this  study  as 
(A-B-C)/A.  The  higher  the  value  F  of 
material,  the  higher  tendency  for  the 
material  being  changed  in  corrosion  be¬ 
havior  or  friction  coefficient  during 
wear-corrosion  process.  The  F  values  of 
galvanized  steel,  304  and  316  stainless 
steel  are  0.42,  0.59  and 
0 . 57 , respect ive 1 y ,  and  increase  in  the 
order : 

galvanized  steel  <  304  SS  316  SS 


This  result  shows  that  the  wear-corrosion 
prop -rty  of  galvanized  steel  is  different 
from  that  of  stainless  steel , besides ,  the 
corrosion  behavior  or  friction  coeffi¬ 
cient  of  stainless  steel  would  change 
more  significant  than  that  of  galvanized 
steel  during  the  wear-corrosion  process. 

Measurements  of  friction  coefficient 
and  wear-corrosion  rate  of  stainless 
steel  and  galvanized  steel  at  different 
potential  are  presented  in  Fig. 2  and  3, 
respectively.  The  Fig. 2  shows  that  the 
friction  coefficients  and  wear-corrosion 
rate  of  304  and  316  stainless  steel 
nearly  keep  at  a  constant  value  in  the 
cathodic  potential  region  .namely  more 
negative  than  700  mV(SCE).  In  the  anodic 
potential  region,  although  the  friction 
coefficient  of  stainless  steel  dra¬ 
matically  decreases  with  the  increasing 
potential,  the  wear-corrosion  rate  of 
stainless  steel  still  increases  with  the 
potential.  This  result  indicates  that 
the  oxide  film  of  stainless  steel  in¬ 
creases  in  thickness  with  the  anodic 
potential  and  provides  a  lubricity  on  the 
abraded  surface,  therefore,  results  in  a 
decreases  in  the  friction  coefficient 
with  an  increasing  potential  when  in  the 
anodic  potential  range.  In  the  cathodic 
potential  ranges  -700  to  -1000  mV(SCE), 
the  wear  is  merely  mechanical  and  there¬ 
fore  the  value  of  friction  coefficient  of 
stainless  steel  is  the  highest  and  inde¬ 
pendent  of  potential.  Since  the  friction 
coefficient  of  stainless  steel  under  the 
mechanical  wear  condition  is  higher  than 
that  under  the  wear-corrosion  condition. 
It  IS  thus  concluded  that  the  additional 
mass  loss,  A-(B+C),  of  stainless  steel  in 
Table  1  is  caused  by  the  increase  in  cor¬ 
rosion  rate,  not  the  increase  in  friction 
coefficient.  Base  on  the  same  reason,  the 
increasing  wear-corrosion  rate  of  stain¬ 
less  steel  with  potential  in  the  anodic- 
potential  region,  as  shown  in  Fig. 2, 
should  be  primarily  caused  by  a  sig¬ 
nificant  increase  in  the  corrosion  rate  . 

For  galvanized  steel,  a  sharp  in¬ 
crease  in  either  the  friction  coefficient 
or  the  wear-corrosion  rate  with  t he 
anodic  potentials  is  observed  in  Fig  3. 
This  result  indicates  that  the  fiK'tion 
coefficient  of  galvanized  steel  is 
promoted  to  a  higher  value  by  the  corro¬ 
sion  product  which  is  more  and  more 
thick  with  the  increasing  anodic  poten¬ 
tials.  As  a  result,  the  increase  in  wear- 
c'orrosion  rate  of  galvanized  steel  would 
come  from  the  increase  in  fric'tion  coef- 
fic:ient  or  corrosion  rate. 

The  wear  effect  on  ac  imped<ini'e  of 
spc'cimens  are  shown  in  Fig. 4.  It  is  ob¬ 
served  that  the  ac  impedance-  of  each 
specimen  is  lower  under  wea r-cor ros i on 
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condition  than  natural  corrosion  condi¬ 
tion.  For  304  and  316  stainless  steel, 
the  ac  impedance  is  significantly 
decreased  by  the  wear.  Consequently,  the 
corrosion  rate  of  stainless  steel  would 
be  markedly  promoted  by  wear.  Similar 
decrease  in  ac  impedance  is  also  present 
for  galvanized  steel  but  with  a  less  ten¬ 
dency  in  comparison  with  the  stainless 
steels.  This  result  is  consistent  with 
that  F  value  (wear-corrosion  factor)  of 
stainless  steel  is  higher  than  that  of 
the  galvanized  steel  as  shown  in  Table 
1.  To  furthermore  investigate  the  wear 
effect  on  corrosion  behavior  of  stainless 
steel,  measurements  of  polarization  curve 
is  also  carried  out  in  addition  to  the  ac 
impedance  measurements.  The  results  are 
shown  in  Figs. 5  and  6.  Apparently,  typi¬ 
cal  corrosion  behavior  of  stainless  steel 
has  been  markedly  changed  by  wear.  Be¬ 
sides  the  anodic  current  density  is  sig¬ 
nificantly  increased,  there  are  no  pit 
initiation  potential ( Enp)  and  no  passive 
region  could  be  found  in  the  anodic 
polarization  curve  of  stainless  steel 
during  wear-corrosion  process. 

For  galvanized  steel,  an  obvious 
decrease  in  ac  impedance  is  presented  be¬ 
cause  of  the  wear  effect,  as  shown  in 
Fig. 4.  The  polarization  curves  of  gal¬ 
vanized  steel  with  and  without  wear  ef¬ 
fect  are  shown  in  Fig. 7.  The  anodic  cur¬ 
rent  is  increased  by  the  wear  effect  and 
the  corrosion  rate  of  galvanized  steel  is 
higher  during  the  wear-corrosion  than 
during  the  natural  corrosion,  which 
results  are  consistent  with  the  results 
in  Fig. 4.  It  can  conclude  that  the  in¬ 
creasing  wear-corrosion  rate  with  poten¬ 
tial  ,as  shown  in  Fig. 3,  is  corresponding 
to  the  increase  in  both  the  friction 
coefficient  and  corrosion  rate  .  This 
result  indicates  that  if  the  galvanized 
steel  IS  anodically  polarized  by  electri¬ 
cally  coupling  with  another  noble  metal 
in  a  corroding  solution,  the  wear- 
corrosion  rate  of  galvanized  steel  would 
be  dramatically  promoted. 

In  regard  of  the  fact  that  the  wear- 
corrosion  rate  of  armor  metals  is 
markedly  dependent  of  potential,  the  gal¬ 
vanic  coupling  effect  is  important  in  the 
design  of  armor  wires  of  submarine  cable. 
The  wea r-cor ros ion  rate  of  316  stainless 
steel  is  the  least,  as  shown  in  Table  1, 
whereas  which  is  almost  twice  the 
mechanical  wear  rate  under  cathodic 
protection.  Base  on  these  results, 
electrically  coupling  316  SS  armor  wires 
to  the  galvanized  steel  <rmor  wires  would 
be  expected  to  decrease  the  wear- 
corrosion  rate  of  316  SS  to  a  half  value. 
On  the  other  hand,  the  galvanized  steel 
armor  wires  ,  work  as  a  sacrificial 
anode,  should  be  prevented  from  abrading 
with  the  sea  sand.  The  above  discussion 


has  described  that  the  cathodic  protec¬ 
tion  is  beneficial  to  suppress  the  wear- 
corrosion  rate  of  stainless  steel  armor 
wires  in  sodium  chloride  solution. 
However,  the  wear-corrosion  properties  of 
armor  metals  in  natural  sea  water  may  be 
different  from  that  in  sodium  chloride 
solution  because  that  some  calcium  car¬ 
bonate  and  magnesium  carbonate  would 
deposit  on  the  cathodic  protection  area 
when  in  the  natural  sea  water  and  there¬ 
fore  change  the  wear-corrosion  behavior 
of  the  metal.  Further  study  concerning 
the  wear-corrosion  characteristic  of  ar¬ 
mor  metals  when  in  natural  sea  water  is 
still  going  on  in  this  work. 


CONCLUSIONS 

(1) The  wear-corrosion  rate  of  armor  met¬ 
als  in  this  study  in  creases  in  the 
order : 

316  SS  <’  304  SS  <  galvanized  steel 

The  wear-corrosion  rate  of  stainless 
steel  can  be  reduced  to  a  half  value 
by  cathodic  protection. 

(2) The  wear-corrosion  rate  of  galvanized 
steel  markedly  increase  with  the 
anodic  potential .which  is  because  of 
the  significant  increase  in  friction 
coefficient  and  corrosion  rate. 

(3)  Base  on  the  changes  in  friction  coe- 
fficientand  corrosion  rate,  the  elec¬ 
trochemical  corrosion  reaction  is 
the  primary  rate  controlling  factor 
for  304  and  316  stainless  steels 
during  the  wear-corrosion  process. 
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Table  1.  Hass  loss  rate(«R/hr)  of  araor  aetals 


cond i t i ons 
■eta  1  s 

— 

(A) 

wear-corrosion 

1“ — 

(Bl 

■echanical  wear 

(C) 

natural  corrosion 

salvanized  steel 

2.26 

1.10 

0.22 

304  ss 

0.88 

0.36 

- 

316  ss 

0.58 

0.25 

- 

(3) 


Fig.l  Schematic  arrangement  of  the 
wear-corrosion  tests: (llcyclindrical 
specimen  (2)plate  ceramic  (3) load 
(4)counter  electrode  (5)reference 
electrode  ( 6 ) potentiostat  (7)load 
cell  for  force  measurement  (8) test 
chamber 


304  SS  -'-f  3"6  SS 


0  0  •  -  - .  :  0  0 
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Fig. 2  Dependence  of  friction  coeffi¬ 
cient  and  wear-corrosion  rate  with 
potential  for  304  and  316  8.8 
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O  '^5  - 

o 


•J  -  - 


Potential, mV(SCE) 

Fig. 3  Dependence  of  friction  coeffi¬ 
cient  and  wear-corrosion  rate  with  po¬ 
tential  for  the  galvanized  steel. 
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Fig. 4  Wear  effect  on  ac  impedance. 
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Wear-Corrosion  Rate, mg/hr 
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Fig. 5  Wear  effect  on  anodic  polari¬ 
zation  curve  of  ^04  stainless  steel. 
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Fig-6  Wear  effect  on  anodic  polari¬ 
zation  curve  of  316  stainless  steel- 
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Fig. 7  Wear  effect  on  anodic  polari¬ 
zation  curve  of  galvanized  steel. 
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ABSTRACT 

Tensile  stress  is  the  most  common  type  of  stress  to  arise  in 
long  fiber  lengths,  both  during  and  after  cable  installation. 
Thus,  tensile  failures  have  been  well  characterized.  As  fiber 
is  deployed  in  the  loop  network,  however,  failures  at  splice 
points  are  now  becoming  a  noticeable  source  of  failures. 
Torsional  breaks  at  .splice  points  are  one  new  type  of  failure 
mode  recently  observed,  thus  warranting  further 
investigation. 

We  derive  an  expression  to  describe  the  experimentally 
observed  onset  of  crack  branching  in  optical  fibers  fractured 
in  torsion.  In  this  relation,  a  crack  correction  factor  is 
introduced  to  account  for  the  different  stress  distribution 
which  arises  from  torsional  loading.  The  new  correction 
factor  is  calculated  from  an  fractographic  analysis  of  low- 
stress,  torsional  fiber  breaks  using  a  scanning  electron 
microscope. 


1.  INTRODUCTION 

The  deployment  of  fiber  into  the  local  loop  will  require 
increased  numbers  of  splice/termination  points  compared 
with  feeder  portions  of  the  network.  Although  the  amount  of 
fiber  at  splice/termination  points  constitute  only  -0.2  %  of 
the  deployed  fiber,  post-mortem  analyses  show  that  the 
majority  of  problems  occur  at  these  points'  and  thus, 
investigation  into  splice  failures  is  of  great  interest.  Recent 
studies  have  shown  that  mechanical,  fiber-optic  splices  can 
be  vulnerable  to  torsional  breaks*. 

Fracture  surfaces  of  brittle  materials,  such  as  glasses  and 
ceramics,  exhibit  several  characteristic  features.  The  flat 
smooth  area  around  the  fracture  origin  is  referred  to  as  the 
mirror,  and  is  surrounded  by  a  region  which  appears  slightly 
roughened  due  to  microbranching.  This  roughened  area, 
known  as  the  mist,  is  in  turn  bounded  by  a  region  of  multiple 
fracture  planes  known  as  hackle.  Beyond  the  hackle,  the 
fracture  surface  is  characterized  by  macroscopic  crack 
branching.  A  typical  fracture  surface  of  a  glass  is  illustrated 
in  Fig.  1 ,  where  the  mirror,  mist,  hackle,  and  crack  branching 
regions  are  illustrated.  In  order  for  the  four  regions  to  be 
observed,  the  fracture  stress  must  be  small  enough  for  these 
features  to  be  included  within  the  cross-section  of  the  test 
specimen. 


Although  fractographic  analysis  has  been  used  successfully 
to  study  tensile  and  flexural  breaks  in  fibers**,  no  such 
analyses  have  considered  torsional  stresses.  The  purpose  of 
this  study  was  to  derive  an  expression  to  describe  the 
experimentally  observed  onset  of  crack  branching  in  optical 
fibers  fiactured  in  torsion.  In  this  relation,  a  correction  factor 
is  introduced  to  account  for  the  different  stress  distribution. 

The  new  correction  factor  is  calculated  from  a  fractographic 
analysis  of  low-stress,  torsional  fiber  breaks  using  a  scanning 
electron  microscope  (SEM).  We  will  describe  the 
experimental  apparatus  used  to  create  the  low-stress  fiber 
breaks,  as  well  as  describing  the  calculation  and  giving 
values  for  the  new  correction  factor. 

2.  ANALYSIS 

Since  it  was  established  that  the  stress  intensity  approach  can 
accurately  predict  the  mirror-mist  branching  boundaries’'*,  we 
assume  that  this  criterion  can  also  be  utilized  to 
experimentally  generate  the  boundary  correction  factors 
associated  with  a  given  stress  intensity  expression.  This 
would  be  the  experimental  equivalent  of  what  Smith  et.  al.’ 
and  Newman  and  Raju”  have  done  numerically  to  determine 
the  correction  factors  for  semi-circular  surface  cracks 
subjected  to  tension  and  flexure. 

Kirchner  and  Kirchner"  obtained  the  stress  intensity  factor, 
K],  expressions  at  various  points  on  the  boundaries  by 
incorporating  the  Smith  et.  al.,  analysis*  for  both  tension  (Eq. 
1)  and  flexure  (Eq.  2).  They  used  the  stress  distribution  for 
tension  and  flexure,  through  the  rod  specimen,  to  estimate  the 
stress  intensity  factor  along  the  branching  boundaries  for 
each  particular  loading; 

Y(e)Tjnjion  (1) 


Kj  --^(TfVr  Y(e)p]„u,e  (2) 

where  0f  is  the  fracture  stress  at  the  tensile  surface,  r  is  the 

radius  measured  from  the  fracture  origin  to  the  boundaries  of 
the  various  fracture  surface  features,  in  particular  mirror-mist 
or  crack-branching  boundary  and  2/7t''*  is  a  constant 
applicable  to  a  two-dimensional  solution.  Y(e)Tension  ^ 
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boundary  correction  factor  which  accounts  for  a  tensile  stress 
field  and  Y(0)pigju,j  is  another  boundary  correction  factor 
which  accounts  for  the  variable  stress  field  in  the  interior  of 
the  specimen  when  subjected  to  bending.  0  is  the  angle 
measured  between  a  line  drawn  through  the  fracture  origin 
perpendicular  to  the  surface  of  the  specimen  and  a  line  drawn 
from  the  origin  to  a  particular  point  on  the  mirror-mist 
boundary.  and  Y(0)f|j,^„2  also  account  for  crack 

shape  proximity  to  the  surface  and  size  of  the  crack  relative 
to  the  specimen  size.  Kirchner  and  Kirchner"  utilized  the 
above  expressions,  Eqs  1  and  2,  at  all  the  points  along  the 
mirror-mist  and  the  mist-hackle  branching  boundaries  in 
order  to  calculate  Kj  values  along  these  boundaries.  The 
stress  intensity  factor  along  the  mirror-mist  and  mist-hackle 
branching  boundaries  were  called  and  respectively. 

Or,  in  other  words,  Kirchner  and  Kirchner  set  K]  =  K^  at  the 
mirror-mist  boundaries  and  Kj  =  Kj,  at  the  crack-branching 

boundaries  in  Equations  1  and  2  and  then  calculated  their 
values  along  the  periphery  of  the  respective  boundaries.  The 
values  for  all  the  points  on  each  particular  boundary  were 
estimated  to  be  K„  =  2.33  and  Kj,  =  2.55  MPa  m’" 
respectively. 

The  stress  intensity  expression  for  torsion  for  glass  fiber  with 
a  surface  flaw  can  be  given  as; 

Kt=^o,-VFY(0)-r„,3i„„  (3) 

The  boundary  correction  factor  which  accounts  for  the 
variable  stress  field  in  the  interior  of  the  specimen  when 
subjected  to  torsional  loading,  Y(9>Torsi„n.  can  be  detenmined 
experimentally  by  fracturing  specimens  in  torsion  and  then 
measuring  the  mirror-mist  radius  as  a  function  of  0,  and  by 
knowing  the  values  for  K„"  ,  Of. 


The  fibers  were  clamped  by  first  chemically  stripping  off  a 
short  length  of  the  acrylate  coating  from  each  end.  The  bare 
fiber  was  then  epoxied  into  a  0.4  mm  I.D./  1  mm  O.D.  glass 
capillary  tube  using  EPOTEK-353D  thermal  curing  epoxy. 
The  capillary  tubes  were  gently  clamped  into  brass  tubes  with 
set-screws.  The  brass  tubes  were  in  turn  mounted  on  the 
rotational  stage  and  attached  to  the  weight. 

In  all  cases  the  rotational  stage  was  set  for  a  rate  of  40 
.sec/rev.  This  corresponds  to  a  strain  rate  of  approximately 
0.25  -  0.35  %/min,  depending  on  the  gauge  length  of  the 
fiber.  Gauge  lengths  ranged  from  16.5  -  24  cm.  All 
measurements  were  taken  at  room  temperature. 

Before  any  fibers  were  subjected  to  torsional  breaks,  the 
shear  modulus  of  the  fiber  wa''  first  measured,  to  ensure  that 
the  torsional  stress  would  be  measured  accurately.  We  used 
the  expression 

T  =  G  r»  (0/L)  (5) 

where  T  is  the  torque,  G  is  the  shear  modulus,  r  is  the  fiber 
radius,  0  is  the  fractional  twist,  and  L  is  the  length  of  the 
fiber.  The  length  of  the  fiber  was  measured  between  the 
epoxy  attachment  points  before  mounting.  The  computer's 
internal  clock  was  used  to  keep  track  of  total  turns  of  the 
rotational  stage  once  the  computer  started  the  motor  stepping 
sequence. 

In  order  to  measure  the  shear  modulus,  a  torque  gauge  was 
clamped  to  the  bottom  of  the  fiber  instead  of  the  weight.  The 
gauge  itself  was  allowed  to  rotate  with  the  fiber,  while  the 
gauge  center  shaft  was  loosely  inserted  into  a  fixed  chuck.  As 
with  the  weight,  the  gauge  was  thus  allowed  free  motion  in 
the  vertical  direction  but  the  center  shaft  was  prevented  from 
rotating.  Thus,  the  torque  could  be  measured  as  a  function  of 
twist  per  unit  length.  The  torque  gauge  ranged  from  0.003  to 
0.03  oz-in  (0.22  -  2.22  gm-cm)  in  0.(X)1  oz-in  steps  and  was 
read  manually. 


Y(0)-]- 


2  Of 


(4) 


As  was  the  case  for  the  tensile  and  flexural  boundary 
correction  factors  (  Y(0)T-,„,i„„,  Y(0)f, 

exure  Y(0)Torsion  3l;>0 

accounts  for  the  effects  of  stress  distribution,  crack  geometry, 
the  presence  of  a  free  surface,  and  the  angular  dependence  of 
the  stress  intensity  factor. 

3.  EXPERIMENTAL  PROCEDURE 
To  carry  out  experiments  with  fibers  under  torsional  loading 
conditions,  commercially  available  optical  fibers  with  a  125 
|im  OD  were  used.  These  had  a  protective  acrylate  coating 
w  ith  a  250  pm  OD. 

The  experimental  set-up  used  to  create  low-stress  fiber 
breaks  consists  of  an  automated  rotational  stage  mounted  on 
rigid  support  posts  at  a  height  of  approximately  30  cm.  The 
fiber  was  clamped  and  centered  at  the  top  of  the  apparatus 
using  a  clamping  fixture  attached  to  the  rotational  stage.  The 
other  end  of  the  fiber  was  clamped  to  a  fixed  weight  of  26 
gm.  to  provide  constant,  uniform  tension  and  prevent  the 
fiber  from  buckling.  The  weight  was  allowed  free  vertical 
motion  as  the  rotational  stage  turned,  in  order  to  maintain 
constant  tension.  However,  the  weight  was  sandwiched 
between  two  plates  to  prevent  it  from  twisting. 


Data  were  taken  for  a  set  of  10  fibers,  and  the  shear  modulus 
estimated  by  doing  a  least-squares  fit  to  find  the  slope  of  the 
T  vs.  0/L  curves.  This  resulted  in  a  shear  modulus  of  G  = 
30.2  GPa  with  ±  3%  standard  deviation.  This  compared  well 
with  a  value  of  31.3  GPa,  estimated  using  a  Young's 
modulus,  E  =  72.9  GPa,  and  Poisson  ratio,  v=  0.165,  where  G 
=  E/(2  (1  -i-v)).  One  data  set  was  also  measured  first  with  and 
then  without  the  aciylate  coating,  and  the  coating  was  found 
to  have  a  negligible  effect  on  the  shear  modulus. 

Low  stress  breaks  were  obtained  by  clamping  the  coated 
fibers  in  the  glass  capillary  tubes  as  described  above  and  then 
stripping  the  coating  from  a  short  center  section.  This  usually 
was  done  mechanically.  A  hand-held  cleaving  tool  with  a 
graphite  blade  was  used  to  nick  the  stripped  section  and 
create  a  large  surface  flaw.  The  fiber  was  then  mounted  in  the 
apparatus,  and  twisted  to  the  breaking  point. 

4.  RESULTS 

Optical  fiber  specimens  were  fractured  while  subjected  to 
torsional  loading  and  the  fracture  surfaces  were  examined 
and  analyzed.  Then  these  surfaces  were  photographed  in  the 
scanning  electron  microscope,  and  their  respective  mirror- 
mist  radii  were  measured  at  selected  angular  intervals.  The 
measured  mirror-mist  radii  for  various  fracture  stresses  are 
given  in  Table  1. 
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Table  1  -  Measured  mirror  radii  and  their  respective  angles 
for  various  fracture  stresses 


Fracture  Stress 
(MPa) 


238 

278 

309 

419 

490 

Angle 

*"111 

^m 

*^m 

fm 

(degrees) 

(pm) 

(pm) 

(pm) 

(pm) 

(pm) 

0 

92 

76 

61 

39 

31 

15 

95 

78 

63 

38 

32 

30 

99 

83 

64 

36 

27 

45 

93 

77 

61 

34 

21 

60 

81 

68 

60 

31 

19 

75 

59 

51 

44 

28 

- 

Figs.  2  and  3  illustrate  a  typical  fracture  surface  for  a  optical 
fiber  fractured  in  torsion.  The  three  regions  can  clearly  be 
seen  in  Fig.  2;  a  mirror  region  surrounds  the  fracture  origin, 
followed  by  a  mist  region  which  is  followed  by  hackle.  It 
should  be  emphasized  that  in  torsion,  the  mist  region  is 
limited  to  a  very  small  area  near  the  surface  and  the  hackle 
consists  of  long  parallel  curve  lines  known  as  "typist  hackle". 
The  fracture  origins  are  clearly  evident  in  both  Fig.  2  and  3. 

The  measurement  of  the  mirror-mist  radii  (fracture  mirror 
boundaries)  was  found  to  be  a  very  difficult  task.  The  fiber 
samples  tended  to  fracture  into  a  large  number  of  fragments; 
this  is  increasingly  true  at  the  higher  fracture  stresses. 
Therefore,  only  two  cases  of  relatively  high  fracture  stresses 
were  examined,  419  and  490  MPa,  although  many  more  tests 
were  done  to  obtain  higher  fracture  stresses.  For  these 
specimens  it  was  not  possible  to  measure  the  mirror-mist 
radius  at  every  angle  due  to  excessive  shattering.  For  lower 
fracture  stresses,  the  amount  of  fragmentation  was  less,  but 
still  had  a  great  influence  in  obtaining  mirror-mist  radii 
measurements  at  higher  angles. 

The  mirror-mist  boundaries,  r^,,  obtained  from  fractographic 
analysis  of  low-stress  torsional  fiber  breaks  and  value" 
were  utilized  to  compute  a  single  boundary  correction  factor, 
Y(0)Torsion-  Stress  intensity  factor  expression 

determined  for  fibers  with  a  surface  flaw  subjected  to 
torsional  loading  (See  Figure  4). 

Y(9)Torsion  Values  thus  determined  ranged  from  0.839  at  0  = 
0°  and  decreased  slightly  until  0  =  30°  where  they  gradually 
increase  toward  the  surface.  Ideally  the  values  of  Y  (e>ro,sion 
should  increase  gradually  from  0  degrees  to  90  degrees  at  the 
surface".  But  as  is  obvious,  this  does  not  occur,  perhaps  due 
to  several  factors  involved  in  the  experimentation.  One 
explanation  could  be  that  the  miaor-mist  boundaries  elongate 
toward  the  neutral  axis  or  the  back  surface  between  the  same 
angles.  Another  reason  could  be  due  to  the  experimental 
mirror-mist  radius  measurements  and/or  as  the  result  of 
decreasing  stress  field  beneath  the  surface. 


CONCLUSIONS 

An  experimental  technique  was  utilized  to  determine  the 
value  of  a  correction  factor  for  a  surface  flaw  in  a  fiber 
subjected  to  torsional  loading.  The  torsional  correction 
factor,  Y(e)To„jon,  is  deduced  through  a  series  of  torsion 
experiments.  Y(e>j-o„io„  values  were  calculated  for  each  of 
the  five  fiber  specimens  fractured  in  torsion,  and  then  a  single 
set  of  average  '^{&}Torsiott  values  were  determined.  Mirror- 
mist  boundaries  were  in  a  shape  of  a  semi-ellipse.  These 
boundaries  were  small  near  the  surface  but  increased  in  size 
across  the  surface.  Between  the  angles  of  15°  to  45°,  mirror- 
mist  boundaries  were  elongated  toward  the  neutral  axis 
and/or  back  surface.  As  a  result  of  extensive  glass  shattering 
the  experimental  boundaries  were  measured  only  at  limited 
locations.  This  analysis  did  not  take  into  account  the  affect 
of  varying  rjd. 
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Figure  2  -  Fracture  Surface  of  a  Optical  Fiber  Subjected  to 
Torsional  Loading 
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Figure  3  -  Fracture  Surface  of  a  Optical  Fiber  Subjected  to 
Torsional  Loading 


F  igure  4  -  The  torsional  correction  I-actor  Y(0)T„,^,„nfora 
fiber  with  a  suiface  flaw. 
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Abstract 

The  mobile  optical  cable  assembly,  pre¬ 
sented  here,  has  been  designed  to  install 
less  time  consuming  high  performance  tem¬ 
porary  connections  in  fiber-optic  systems 
outside  plant.  The  assembly  consists  of  a 
non  metallic  heavy  duty  cable,  terminated 
on  both  ends  with  suitable  connectors.  It 
is  spooled  on  a  cable  reel  which  is 
mounted  on  a  transportable  rack  or  a 
caddy.  The  whole  system  operates  over  a 
wide  range  of  temperature,  resistant  to 
hard  environment,  high  tensile  and  radial 
stresses.  The  assembly  is  so  light  in 
weight  that  it  can  be  handled  by  a  single 
person. 

Introduction 

With  the  increasing  application  of  opti¬ 
cal  fiber  cables  and  optical  systems,  the 
need  to  install  temporary  optical  connec¬ 
tions  outside  plant  has  gain’d  much 
importance . 

The  initial  work  was  undertaken  to  pro¬ 
vide  a  mobile  optical  cable  assembly  at 
the  request  of  the  German  Post  Office 
(FTZ,  Darmstadt).  The  aim  was  to  connect 
the  ship  "Communika",  while  in  dockyard 
to  provide  it  with  telecommunication 
facilities  -  a  temporary  -oanection  with 
the  help  of  multi  or  singlemode  fiber 
cable . 


To  meet  the  environmental  requirements,  a 
heavy  duty  cable  was  developed  containing 
2-10  multimode  or  singlemode  fibers 
with  both  cable  ends  terminated  into 
suitable  connectorized  pigtails. 

The  cable  described  in  this  paper,  is 
spooled  on  a  metallic  reel  with  both  ends 
free  to  enable  them  to  be  plugged  into 
existing  equipment  in  operation. 

The  cable  reel  is  mounted  on  a  specially 
designed  transportable  rack  whereby  the 
unwinding  or  rewinding  of  the  cable  can 
be  easily  done.  The  cable  reel  size  can 
be  selected  to  intake  cable  lengths  of 
upto  500  meters.  An  easy  to  handle  and 
less  time  consuming  temporary  optical 
connection,  i.e.  a  fiber  optic  extension 
system,  has  been  successfully  provided. 
This  systems  finds  application  in 
connecting  measurement  equipment  in 
laboratory  or  field  tests  or  where  ever 
transmitting  of  optical  signals  is 
needed. 

Description  of  Cable 

The  materials  of  construction  and  the 
dimensioning  of  the  individual  cable  com¬ 
ponents  have  been  carefully  selected  to 
design  the  cable  to  operate  under  severe 
environmental  conditions.  The  fibers  are 
well  packed  in  a  loose  tube  so  that  very 
low  to  practically  no  attenuation  change 
in  the  fiber  transmission  characteri- 
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sties,  even  under  high  tensile  stress,  is 
caused . 


1. )  Nylon  loose  tube  filled  with  gel  and 

optical  fibers 

2. )  Reinforcing  elements  -  Aramid-Rovings 

3. )  FRP  Reinforcing  elements 

4. )  PVC  Innerjacket 

5. )  Special  Aramid  Cord  Elements 

6. )  Core  Wrapping 

7. )  Special  Polyurethane  Outer  Jacket 
Figure  1:  Cable  Design 

The  basic  element  of  this  heavy  duty 
cable  (Fig.  1)  is  a  stable  loose  tube 
made  out  of  Nylon  12  filled  with  a  thixo¬ 
tropic  gel.  The  tube  is  designed  to 
intake  two  or  more  single  or  multimode 
fibers.  This  gel  holds  the  fibers  in 
place  during  the  cable  is  pulled,  bent  or 
due  to  the  thermal  expansion  of  the 
cable . 

This  thixotropic  gel  is  non  drippable  and 
avoids  the  entry  of  moisture  into  the 
tube . 

The  loose  tube  is  strengthened  with 
Aramid  yarn  in  the  radial  as  well  as 
longitudinal  direction.  Some  thin  FRP- 
Elements  of  the  size  0.35  mm  integrated 
in  the  Aramid  yarn,  are  equally  distribu¬ 
ted  along  the  circumference  of  the  loose 


tube  to  avoid  influence  of  temperature 
cycle  on  the  fibers. 

A  PVC-inner  jacket  covers  these  strength 
members  .  To  increase  the  compressibility 
of  the  cable  a  second  layer  of  special 
Aramid-cord  elements  are  wound  around  the 
inner  jacket  and  finally  a  special 
Polyurethane  outer  jacket  is  extruded  on 
the  cable  core  to  make  the  cable  crush 
resistant.  The  outer  jacket  material  is 
suitable  against  the  influence  of  various 
oils,  chemicals  and  sea  water. 


Test  And  Measurements 

Cable  characteristics 


Number  of  fibers 

Outer  diameter 
Bending  radius 
Weight 

Weight  of  assembly 
Pulling  force 
Lengths 
Attenuation 

Bandwidth 

Numerical  aperture 


2  multimode  graded 

index  50/125  pm 

8  mm 

150  mm 

59  kg/km 

32  kg 

2000  N 

250  m 

2.5±0.2dB  at  850nm 
1.0+0. 2dB  at  1310  nm 
;  z  400MHz  km  at  850 
and  1310  nm 
:  0.21  ±  0.1 


Table  1:  Characteristics  of  tested  cable 


The  cable  (Characteristics  of  tested 
cable  see  Table  1),  as  described  above, 
is  about  8  mm  in  diameter  and  can 
withstand  high  tensile  strength  (Fig.  2) 
and  radial  pressure  (Fig.  3)  without 
causing  any  attenuation  change.  Series  of 
tests  were  conducted  to  verify  these 
results.  The  tests  (Fig.  2)  on  the  cable 
show  as  low  as  0.1  dB/100  m  attenuation 
change  at  850  nm  under  a  tensile  strength 
of  more  than  2000  N  where  as  the 
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attenuation  change  of  less  than 
0.02  dB/100  m  at  1310  nm  wavelength  was 
registered.  An  elongation  of  less  than 
0.2  %  was  measured  at  2000  N. 


Attsnuatlon/dB 


028 

02 

->  ;; - 

016 

01 

4. 

+ 

0  400  «00  2000 

Tension  /  N 

ran  rad  I860  (Ml  ->-ran9Mn(«nM| 

meeaured ;  100  m; 

Figure  2;  Effects  of  tensile  strength  on 
fiber  attenuation 

The  radial  pressure  tests  were  conducted 
at  300  N/cm  (Fig.  3)  .  No  attenuation 
change  was  measured. 


AhenusMon/ifl 


measured  XXlm 

Figure  3:  Effects  of  radial  pressure  on 
fiber  attenuation 


The  thermal  effects  on  the  cable  were 
measured  between  -40®  C  to  +70®  C.  Even 
in  this  case,  no  attenuation  change  could 
be  seen. 

The  cable  passed  the  test  of  aging  in  oil 
and  water  at  7  days  at  90®  C. 

Optical  Connectors 

The  cable  assembly  is  preconnectorized  on 
both  ends  with  optical  connectors  to  be 
plugged  into  the  transmission  equipment. 
These  optical  connectors,  suitable  for 
the  respective  application,  are  fabrica¬ 
ted  before  completing  the  cable  assembly. 
The  standard  optical  connectors,  e.g.  F- 
SMA  or  ST-compatible  connectors,  are 
generally  in  use.  Also  in  use  is  the 
German  LSA-connector  according  to  DIN 
47256.  In  this  case  we  fabricated  the  ST- 
compatible  connectors. 

The  fabrication  is  done  by  feeding  the 
fibers  from  the  feeder  cable  within  a 
breakout  kit  (Fig.  4)  into  a  prefabrica¬ 
ted  fiberless  pigtail  cable.  The  indivi¬ 
dual  fiber  ends  are  then  connectorized. 


Figure  4:  Fiber  Breakout  Kit,  showing 

feeder  cable  and  connectorized 
pigtails 

The  insertion  loss  of  the  assembly  de¬ 
pends  upon  the  quality  of  the  optical 
connector  and  length  of  the  cable  and 
hence  on  the  wavelertgth.  For  a  ST-compa- 
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title  connector,  the  insertion  loss  was 
measured  to  be  less  than  0.7  dB  at 
1310  nm  wavelength  for  250  meter  length 
of  cable  containing  50/125  urn  multimode 
gradient  profile  fiber.  Measured  at  a 
wavelength  of  850  nm,  it  increased  by 
0.6  dB  (Fig.  5)  which  is  a  fiber  depen¬ 
dent  attenuation. 

The  tensile  strength  on  this  connectori- 
zed  pigtail  was  measured  to  be  more  than 
100  N.  To  avoid  the  entry  of  moisture  and 
dust,  the  connectors  are  provided  with 
dust  covers. 

The  fiber  breakout  kits  on  both  ends  of 
the  assembly  are  held  in  position  with 
high  strength  yarn-mesh-pulling  grip. 
This  grip  also  helps  in  pulling  the  cable 
without  causing  any  damage  to  the 
connectors,  cabinet  or  the  cable. 


Qind  Oiptia  Bnd 

Connector 

■  uiOoB  ^aaon 


maafured  with  3(n  m  dummj  cord, 

ST-compatlble  connectoTB 

Figure  5;  Insertion  loss  of  connectorized 
cable  assembly 

Assembly 

The  prefabricated  cable  as  described 
above  is  wound  on  a  metallic  reel  with 
the  inner  end  guided  kinkfree  through  the 
reelbase  onto  the  outer  of  the  flange. 


About  10  meter  length  of  the  cable,  with 
the  prefabricated  distribution  cabinet 
and  preconnectorized  pigtails,  are  rolled 
together  and  suitably  fixed  on  to  the 
flange.  The  connectors  are  also  safely 
kept  in  place  into  a  rubber  insulated 
spiral  spring  which  is  also  affixed  on  to 
the  flange. 

The  reel  can  be  rotated  with  the  help  of 
a  handle  which  is  mounted  on  the  flange. 
The  reel  is  mounted  on  a  transportable 
rack  for  cable  lengths  upto  500  meters 
where  as  for  cable  lengths  upto  300 
meters  smaller  reels  can  be  used  and 
mounted  on  caddies.  The  whole  system  is 
so  light  that  it  can  be  easily  transpor¬ 
ted  and  put  in  operation  by  one  person 
(see  Table  2) . 


Cable 

Reel  Measurements 

Assembly 

Lenght 

1 

Core  Diameter 

Core  Width 

Weight 

150  m 

240  mm 

170  mm 

25  kg 

300  m 

320  mm 

170  mm 

35  kg 

500  m 

280  mm 

500  mm 

60  kg 

Table  2:  Available  length  and  weight  of 
cable  assembly 

Conclus ions 

The  mobile  optical  cable  assembly  on 
transportable  rack,  presented  above,  has 
been  sucessfully  in  operation  to  provide 
less  time  consuming  temporary  connections 
while  transmitting  optical  signals 
outside  plant.  Because  of  its  robust 
design  it  is  suitable  to  be  used  in 
critical  environments  and  it  also  finds 
application  in  laboratories,  television 
studio  and  where  ever  an  optical  exten¬ 
sion  is  needed.  Due  to  its  flexibility  in 
the  selection  of  various  connector  types, 
it  can  be  used  as  an  compatible  optical 
extension  cable. 
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HOW  IMPROVEMENT  IN  ARAMID  PACKAGE  STABILITY  CAN  LEAD 
TO  HIGHER  PRODUCTION  SPEED  OF  OPTICAL  FIBER  CABLES. 


Jack  J.  Bensink,  Anton  L  van  den  Bos 


AKZO  Fibers,  Arnhem,  Holland 


ABSTRACT 

The  development  of  Optical  Fiber  Cables 
(OFC)  has  now  reached  the  stage  where 
OFC  producers  start  focusing  on  ways  to 
optimize  OFC  production  technologies. 
In  this  paper  we  look  into  ways  to 
optimize  the  utilization  of  one 
important  machine  in  the  OFC 
production-line:  the  araraid  stranding 
machine.  In  order  to  meet  a  growing 
demand  from  our  customers  for: 

-  heavier  packages,  to  permit  proces¬ 
sing  with  longer  running  lengths  and 

-  possibilities  to  operate  at  increased 
rotation  speeds, 

Akzo,  as  supplier  of  Twaron  aramid,  has 
investigated  the  processing  limitations 
of  different  yarn  bobbin  make-ups  on  a 
specially  designed  laboratory  stranding 
machine.  All  this  has  resulted  in  a 
deeper  insight  into  the  factors  that 
influence  the  maximum  rotation  speed  of 
a  Twaron  aramid  package.  In  the  future 
this  knowledge  will  lead  to  more  stable 
Twaron  aramid  yarn  packages,  suitable 
for  higher  rotation  speeds  1 


INTRODUCTION 

As  is  well-known,  Twaron  aramid  is 
being  used  in  different  OFC  cable 
designs  (loose  tube,  slotted  core, 
tight  buffered)  to  protect  the  highly 
sensitive  Optical  Glass  Fibers  from 
linear,  radial  and  flexural  loads 
during  production,  installation  and 
operation  of  the  Optical  Fiber  Cable. 
Twaron  aramid  is  specified  for  a  lot  of 
these  cables  because  it  combines  the 
following  properties; 

-  High  tensile  modulus 

-  Very  low  creep  rate 

-  Low  density 

-  High  corrosion  resistance 

-  Good  dimensional  stability 

-  High  tensile  strength 


-  Good  dielectric  behavior 

-  Good  chemical  stability 

-  Good  fatigue  resistance 

-  Good  thermal  insulating  properties 

-  Excellent  flame  resistance  and  self 
extinguishing  behavior 

-  Low  smoke  emission 

-  High  flexibility 


THE  STRANDING  OF  TWARON  ARAMID 

There  are  three  ways  to  apply  aramid  in 
a  cable:  1)  longitudinally,  by  overhead 
or  rolling  take-off  from  a  yarn  bobbin 
in  a  creel;  2)  longitudinally,  by  means 
of  an  aramid  tape  folded  around  the 
cable;  3)  helically,  by  means  of  a 
stranding  machine.  The  third  method  is 
generally  preferred  as  it  permits 
adjustment  of  the  cable's  flexibility 
and  other  properties  as  well  as  of  the 
cable  diameter,  simply  by  changing  the 
lay  length.  In  almost  all  cases 
stranding  machines  are  designed  as  the 
machine  shown  below; 
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Main  characteristics: 

-  Rolling  yam  take-off. 

-  Rotation  speed:  150  -  250  rpm. 

-  Bobbin-bobbin  distance:  70  cm. 

-  Yarn  speed:  25  -  100  m/min. 

-  Max.  bobbin  weight:  approx.  15  kg. 

-  Relatively  high  (regulated)  yarn 
tension. 


PACKAGE  DEFORMATION 

A  well-known  phenomenon  in  the  textile 
world  is  the  deformation  of  yarn 
bobbins  due  to  centrifugal  forces.  Just 
as  for  other  materials,  under  certain 
conditions  (high  rotation  speeds,  high 
yam-bobbin  weight)  also  Twaron  areunid 
yarn  bobbins  may  deform  due  to  the 
centrifugal,  acceleration  and  Coriolis 
forces  acting  on  the  package  during  the 
stranding  process .  From  these  forces 
the  centrifugal  forces  have  the 
greatest  impact  on  the  yarn  package. 
The  demolition  process  takes  place  very 
gradually,  and  is  characterized  by  a 
slow  outwardly  directed  movement  of  all 
yarn  layers .  Depending  on  the  rotation 
speed  this  movement  starts  after  0,5  - 
1  hour . 

As  long  as  the  yarn  layers  stay  within 
the  tube  length  nothing  will  happen. 

Problems  may  arise  when  the  yarn  layers 
start  extending  beyond  the  card  bobbin 
and  come  into  contact  with  machine 
parts,  in  which  case  yarn  breakage  may 
occur. 

Under  severe  conditions,  even  the  whole 
package  may  deform  as  is  clear  from  the 
picture  below,  which  shows  a  10  kg 
Twaron  aramid  package  tested  at  a 
rotation  speed  of  225  rpml  (running 
time:  1  hour,  normal  speed  in  practise: 
100  rpm) . 


LABORATORY  STRANDING  MACHINE 

In  order  to  investigate  the  above- 
mentioned  problem  we  have  constmcted  a 
one-point  laboratory  stranding  machine: 


Technical  specification  of  the 
laboratoj^r  stranding  machine: 


-  Max.  rotation  speed:  400  rpm. 

-  Max.  bobbin  weight  :  20  Kg. 

-  Bobbin-bobbin  distance:  70  cm. 

-  Yarn  speed:  5  -  500  m/min. 

-  Yarn  tension:  adjustable. 

The  specification  is  such  that  every 
practical  situation  can  be  simulated  in 
a  faithful  way. 


TESTING 

Using  standard  moisture  and  finish 
contents  Akzo  tested  yarn  packages  with 
the  following  counts;  1210,  1610,  2420, 
3220,  4830,  6440  and  8050  dtex: 
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Weight ; 

Dimensions 

(mm) 

(Kg) 

Tube  (Lxdl) 

Tube  (Lxdl) 

216- 

-094 

273- 

-077 

T 

D 

T 

D 

4.0 

190.5 

0192 

250 

0167 

4.5 

190.5 

0200 

250 

0175 

5.0 

190.5 

0208 

250 

0182 

5.5 

190.5 

0216 

250 

0189 

6.0 

190.5 

0224 

250 

0196 

6.5 

190.5 

0231 

250 

0202 

7.0 

190.5 

0238 

250 

0208 

7.5 

190.5 

0245 

250 

0214 

8.0 

190.5 

0251 

250 

0220 

8.5 

190.5 

0258 

250 

0226 

9.0 

190.5 

0264 

250 

0231 

9.5 

_ 

250 

0237 

— 

— 

250 

0242 

— 

— 

250 

0247 

IIKH 

— 

250 

0252 

11.5 

— 

250 

0258 

12.0 

— 

— 

250 

0262 

Also  the  standard  winding  ratios  were 
observed  (note;  the  winding  ratio  used 
for  the  216-094  bobbin  is  different 
from  that  used  for  the  273-077 
bobbin!).  The  main  parameter  that  was 
varied,  was  the  winding  tension;  viz. 
from  standard  to  1.5  X  standard  and  2.0 
X  standard.  The  winding  tension  has  a 
direct  effect  on  the  package  stability; 
very  low  tensions  give  a  soft  unstable 
package  while,  on  the  other  hand,  very 
high  tensions  may  cause  yarn  damage 
and/or  diabolic  yarn  packages.  Because 
there  is  a  direct  relation  between  the 
winding  tension  and  the  (face)  hardness 
of  the  yam  package,  it  is  important 
that  this  hardness  is  measured  in  a 
standardized  way.  Before  testing  the 
packages  on  the  stranding  machine,  we 
measured  the  hardness  of  the  face  and 
the  shoulder  by  means  of  a  Shore  0 
hardness  tester: 


Shore  0  is  a  not  officially 
standardized  hardness  unit,  but  it  is 
often  used  in  the  textile  world  to 
measure  the  hardness  of  yarn  packages . 
By  hardness  according  to  Shore  is 
understood  the  resistance  against  the 
penetration  by  a  body  of  a  certain 
shape  under  a  defined  compressive 
force . 

For  Shore  0  the  indentation  body  has 
the  following  dimensions; 


7T. 


L  O’V  :  D03 


2.itC04^  ■  ■ 

A1  ZEIO ^ 

ItADlNG  ;  \_04Mt065l. 

I  <’9 


The  maximum  spring  force  is  822  Grams. 


On  the  stranding  machine  the  above 
mentioned  packages  have  been  tested 
between  100  and  300  rpm,  whilst  the 
yarn  speed  was  set  at  40  m/min  and  the 
yarn  tension  at  about  50  mN/tex.  From 
our  customers  we  know  that  for  4.5  kg 
packages  the  most  common  rotation  speed 
is  about  175  rpm,  whilst  for  10  kg 
packages  the  rotation  speed  is  reduced 
to  about  100  rpm  and  lower. 

The  yarn  speed  of  40  m/min  corresponds 
to  values  used  in  practise. 
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A  package  was  qualified  as  unstable 
when  the  yarn  layers  extended  beyond 
the  card  bobbin  during  processing.  By 
means  of  a  stroboscope  this  demolition 
process  could  be  followed  during 
rotation.  Stable  packages  withstand  the 
centrifugal,  acceleration  and  Corriolis 
forces  during  the  entire  running  time. 


TEST  RESULTS 

Through  this  extensive  testing  program 
we  have  found  that  the  maximum  rotation 
speed  of  a  Twaron  aramid  package 
strongly  depends  on: 

1 )  The  package  weight . 

2)  The  hardness  of  the  package  face. 

3)  The  inner  tube  dimensions. 

The  maximum  rotation  speed  is  hardly 
influenced  by: 

1)  The  hardness  of  the  shoulder. 

2 )  The  yarn  count . 

In  Enclosure  I  the  recommended  rotation 
speeds  for  the  above-mentioned  Twaron 
aramid  yarn  packages  are  given .  These 
speeds  are  based  on  packages  with  a 
face  hardness  of  more  than  65  Shore  0, 
the  normal  hardness  of  a  Twaron  aramid 
package.  Lower  Shore  0  face  hardness 
values  may  seriously  affect  the  package 
stability.  Higher  Shore  0  face  hardness 
values  only  slightly  enhance  the 
stability.  As  these  results  also  agree 
with  experiences  of  our  customers,  we 
think  that  our  laboratory  machine 
reflects  the  practical  situation. 


DISCUSSION 

We  have  learned  a  great  deal  about  the 
experiments  we  have  carried  out. 
Especially  the  higher  maximum  rotation 
speed  of  the  216  -  094  package  compared 
with  the  273  -  077  package  was 

unexpected.  Since  the  273  -  077  package 
is  more  suitable  for  heavier  weights, 
improving  this  package's  stability  in 
order  to  increase  its  maximum  rotation 
speed  now  has  first  priority. 
Especially  by  optimizing  the  winding 
ratio  in  combination  with  other 
parameters  (moisture  content  during 
winding,  winding  tension,  etc.),  we 
think  we  can  further  improve  the 
maximum  rotation  speed  of  both  the  273 
077  package  and  the  216  -  094 

package.  Our  goal  is  to  improve  the 
package  stability  in  order  to  permit  an 
increase  of  the  maximum  rotation  speed 
by  a  factor  1.5. 


Jack  J.  Bensink 
AKZO  Fibers 
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6800  SB  ARNHEM 
HOLLAND 
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Recommended  rotation  speeds  for 
Twaron  aramid  yarn  packages 


1 


ENCLOSURE  I 
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Package  weight  (Kg) 


DESIGN  OF  AN  ARTICOLATEO  BEPAIR  JOINT 
FOR  A  LIGHT  HEIGHT,  OPEN  FIBRE  OPTIC  SUBMARINE  CABLE 


Elnar  Batten,  Morten  Johansen 


Alcatel  Kabel,  Norway. 


ABSTRACT 

An  articulated  repair  joint  has  been 
developed  for  contingency  repairs  of  a  light 
weight,  "open"  fibre  optic  submarine  cable. 
The  design  goal  was  to  reduce  assembly  time, 
simplify  special  tooling  and  improve 
handling  capabilities  compared  to  present 
repair  joints. 

The  joint  is  designed  with  a  breaking  load 
of  200  kN,  and  can  be  handled  over  1,5  m 
diameter  sheaves  under  tension.  Assembly 
time  for  jointing  of  a  double  armoured,  12 
fibre  cable  is  less  than  12  hours.  The 
joint  has  been  qualified  through  an 
extensive  test  programme,  fullscale  trials 
and  actual  installations  worldwide. 

The  complete  joint  kit  is  packed  in  a  metal 
case  (60X40X15  cm)  and  weighs  less  than 
20kg.  Its  special  tool  kit  is  supplied  in 
a  similar  case  (60X40X25  cm)  ,  weighing  less 
than  15kg.  A  patent  claim  has  been  filed 
for  the  design. 


INTRODUCTION 

The  Norwegian  Telecom  has  a  nationwide  fibre 
optic  system  under  construction  requiring 
about  3000  km  of  siibmarine  cable.  For  this 
system,  Alcatel  Kabel  has  developed  a  cable 
concept  where  the  basic  principle  has  been 
to  produce  a  light  weight  cable  which  can  be 
deployed  by  small  cable  ships.  The  project 
was  named  LOS, (  Long  distance  fibre  Optical 
Submarine  systems) .  It  was  soon  realised 
that  the  "transoceanic"  designs  employing 
metal  barriers  around  the  cable  core  would 
make  the  cables  too  heavy.  The  target  was  to 
achieve  the  goal  with  an  "open"  design. 

To  complete  the  cable  concept  the  Norwegian 
Telecom  also  required  a  repair  joint  which 
should  withstand  the  same  mechanical 
stresses  as  the  cable.  Important  in  this 
respect  was  that  it  should  be  able  to  handle 
the  rated  operating  load  of  up  to  200  kN, 
sustain  the  pressures  at  water  depths  down 
to  1300  m,  and  be  capable  of  being  handled 
over  laying  sheaves  with  diametres  as  small 
as  1.5  m.  The  joint  should  also  accommodate 
up  to  24  fibre  splices  and  several  different 
armour  designs.  As  a  further  requirement  it 
should  be  possible  to  complete  jointing  of 
a  12  fibre  cable  in  less  than  12  hours. 


JOINTING  PHILOSOPHY 

Cable  manufacturing,  installation  and 
operation  incorporates  several  stages  of 
regular  and  contingency  jointing  procedures. 

Element  splicing 

During  manufacturing  of  the  cable  up  to  the 
level  of  extrusion  of  inner  sheath,  each 
element  in  the  cable  can  be  spliced 
individually  at  random  locations  without 
diameter  increase.  Thus  allowing  production 
lengths  of  cable  core  to  exceed  delivery 
lengths  of  e.g.  fibres. 

Core  splicing 

Should  production  necessitate  jointing  of  a 
cable  with  inner  sheath  extruded,  a  "core 
splice"  is  required.  The  splice  requires 
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each  element  of  the  cable  to  be  spliced  over 
a  short  length,  and  without  diameter 
increase.  This  splice  is  also  required  to 
sustain  the  same  stresses  as  the  cable  core 
at  this  level . 

Repair  jointing 

The  third  stage  of  splicing  technique  is 
applied  for  completed  cables.  Limitations 
in  production  facilities  may  require  one  or 
more  planned  joints. 

The  joint  may  also  be  used  for  repair  of 
damage  occurring  during  armouring,  loading, 
installation  and  marine  activities  during 
the  service  life  of  the  cable. 


DESIGN 

Materials 

The  jointing  enclosure  consists  of  a 
seawater  corrosion  resistant  stainless  steel 
housing,  with  a  cable  armour  termination 
unit  at  each  end.  The  chosen  high  alloy 
steel  does  not  require  any  corrosion 
protection  coating,  and  thus  simplifies  the 
assembly  procedure  of  the  joint.  However,  as 
the  enclosure  is  made  from  a  more  noble 
material  than  the  cable  armouring,  the 
armour  would  corrode  heavily  should  its 
outer  protection  be  damaged.  To  avoid  this 
galvanic  corrosion,  the  cable  armour  is 
electrically  insulated  from  the  joint 
enclosure  by  a  ceramic  layer  in  the  armour 
termination.  The  high  alloy  steel  is  also 
superior  in  tensile  strength  compared  with 
standard  used  stainless  steel. 


Armour  termination 

The  termination  unit  is  locked  to  the  cable 
armouring  by  threaded  cones  to  avoid  any 
slippage.  Termination  units  for  single, 
double  and  triple  armoured  cables  have  been 
designed.  These  terminations  are  also 
adapted  to  armour  wires  of  various 
diametres,  ranging  from  2.6  mm  and  upwards. 
This  is  achieved  by  variation  of  the  spacer 
cones  in  the  termination  unit. 

The  locking  cones  are  pressed  in  with  a 
hydraulic  (hand  operated)  tool,  ensuring  the 
repeatability  of  the  process  through  the 
ammount  of  hydraulic  pressure  applied.  The 
locking  cones  are  made  from  a  hardened 
carbon  steel,  and  are  therefore  also 
insulated  from  metallic  contact  with  the 
main  body  of  the  joint  enclosure.  As 
additional  protection,  the  internals  of  the 
armour  termination  are  protected  by  a  zinc 
anode. 


Assembly  of  armour  termination  unit. 


Pivot  mechanism 

The  termination  units  are  connected  to  the 
splice  housing  by  an  articulated  joint.  The 
single  axis  hinge  is  supplemented  with 
tilting  fins  on  the  joint  housing.  This 
allows  a  rectangular  cross  section  design, 
which  again  is  required  for  narrow  passages 
through  the  cable  machinery  of  a  lay  vessel. 
The  articulated  joint  ensures  that  the 
minimum  bending  diameter  of  the  joint 
complies  to  that  of  the  cable,  and  allows 
the  use  of  capstans  down  to  1.5  metres  in 
diameter.  The  strength  of  the  pivot  is 
higher  than  the  specified  strength  of  the 
cable. 

The  single  axis  pivot  simplifies  the 
assembly  procedure  by  allowing  each  cable 
termination  to  be  completed  separately 
before  connection  to  the  main  housing.  The 
privot  also  improves  interchangability 
between  the  different  armour  terminations, 
should  a  requirement  for  jointing  of 
different  armoured  cables  arise. 


Figure  3 . 

Assembly  of  pivot  head  on  armour 
termination. 
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Joint  housing 

The  main  housing  has  a  compartment  with  a 
separate  lid  on  each  side  to  simplify  the 
splicing  and  assembly  procedure.  The 
housing  is  designed  to  sustain  the  tensile 
load  required  for  the  cable.  To  avoid  any 
attenuation  increase  in  the  optical  fibres 
induced  by  excessive  bending,  the  minimum 
bending  radius  of  the  fibres  in  the  joint 
housing  is  larger  than  30  mm.  The  size  of 
a  completed  joint  enclosure  (housing 
connected  to  the  termination  units)  is 
approx.  600  X  170  X  100  mm. 

The  tensile  strength  of  the  joint  is 
determined  by  the  cross-section  of  steel  in 
the  hinge  area.  Thus  upgrading  of  the 
tensile  strength  of  the  joint  is  a  matter  of 
increasing  the  steel  cross-sectional  area  in 
this  region. 


Enclosure  sealing 

Sealing  of  the  joint  relies  on  two  different 
methods.  The  armour  termination  will 
eventually  be  flooded,  thus  the  main  housing 
requires  sealing  between  the  cable  inner 
sheath  and  the  housing.  Sealing  on  this 
level  is  achieved  by  a  self  energising 
rubber  seal.  The  rubber  tube  is  fitted  over 
the  entry  tube  of  the  joint  housing  and  down 
onto  the  cable  inner  sheath. 

The  seal  has  been  tested  to  150  bars  water 
pressure,  and  represent  a  permeation  barrier 
equal  to  that  of  the  inner  sheath. 

The  lids  of  the  joint  housing  are  sealed 
with  0-rings. 


Temperature  storage 

(-40'C  to  +70"C,  8  hrs.  each) 

-  Temperature  cycling 

(-10°C  to  +  40'C,  2  cycles,  12  hrs.) 

Straight  Tensile  Test 

(180  ]cN  maximum  tensile  load) 

-  Dynamic  Bend  Tensile  Strength 

(90  kN  tensile  load,  5x2x180’  cycles, 
around  2m  diameter  sheave, 
ambient  temperature  0“C  to  +5"C) 

-  Repeated  Bending  (Bend  Fatigue) 

(±45°  bending,  Im  sheave  diameter, 

100  cycles) 

Hydrostatic  pressure 
(150  bar  for  24  hrs.) 

The  tests  were  carried  out  with  satisfactory 
results.  Neither  additional  loss,  nor 
mechanical  degradation  were  detected  in  the 
joint  during  any  of  the  tests. 

The  tests  demonstrate  that  the  repair  joint 
can  be  handled  as  an  integral  part  of  the 
cable,  and  that  more  than  90  %  of  the  cable 
tensile  strength  is  preserved  in  the  joint. 


The  joint  housing  is  filled  with  silicone 
oil  after  the  fibres  have  been  spliced  and 
coiled  down.  The  silicone  oil  prevents 
grease  from  the  cable  being  squeezed  into 
the  joint  housing,  and  also  protects  the 
spliced  fibres.  There  is  no  pressure 
difference  between  the  cable  internals  and 
the  joint  housing. 


1.  Cable  sheave  5 

2.  Cable  6 

3.  Pulling  head  7 

4.  Load  cell  8 

9 


Wire 

Hydraulic  cylinder 
Instrument  container 
Cable  core 
Repair  Joint 


Figure  4 . 

Dynamic  bend  tensile  strength  test  setup. 


TESTING 

Test  programme 

The  repair  joint  has  been  developed  so  as  to 
be  able  to  sustain  any  anticipated  strain 
during  installation  and  recovery  of  a 
submarine  fibre  optical  cable.  A 

qualification  programme  defined  by  the 
Norwegian  Telecom  has  been  carried  out  to 
ensure  that  the  repair  joint  meets  the  same 
requirements  as  the  cable.  The  tests  are 
similar  to  the  test  programme  specified  for 
the  submarine  optical  cable.  Completed 
joints  have  been  tested  with  respect  to  : 


Trial  installations 

Trial  installations  have  been  carried  out  on 
two  occasions.  The  first  in  1988  by  a  cable 
vessel  from  the  Norwegian  Telecom.  This 
installation  was  carried  out  in  Byfjorden 
outside  Bergen,  Norway,  in  500  metres  of 
water.  Two  cable  lengths  were  jointed 
together  aboard  the  cable  ship.  Then  the 
jointed  cable  was  laid  under  normal 
procedures,  over  a  1.5  m  capstan  and  a  1.5 
m  bow  wheel.  After  the  completed  laying 
operation,  the  jointed  cabl'?  was  retrived  by 
the  same  machinery. 
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CONCLUSIONS 


The  second  full-scale  test  was  carried  out 
in  the  Oslofjord,  Norway  in  1990,  and 
incorporated  a  complete  repair  operation 
A  test  cable  laid  at  an  earlier  occasion  was 
retrieved  to  the  repair  vessel,  cut,  jointed 
with  the  repair  joint  and  repositioned  on 
the  seabed.  The  operation  from  when  the 
diver  first  went  into  the  water,  to  the 
completion  of  optical  measurements  after 
repositioning  on  the  seabed,  was  executed  in 
14  hours.  The  jointing  operation  itself 
lasted  less  than  11  hours  for  the  double 
armoured,  16  fibre  cable. 

The  jointing  work  during  the  trial  in  1990 
was  carried  out  in  a  specially  equipped  12 ' 
jointing  container  placed  aboard  a 
"flatback"  cable  repair  vessel.  The 
container  is  fitted  with  lighting,  heating, 
air  filtering  and  airconditioning  units. 
(The  latter  was  not  required  in  Norway  in 
December.)  The  weight  of  the  container  is 
2.0  metric  tons. 


Through  testing  and  fullscale  operations, 
the  LOS  Mk  III  repair  joint  has  proved  its 
ability  to  provide  a  'ontingency  technique 
for  repair  of  cable  damages  occured  during 
manufacture,  installation  or  service  life  of 
a  light  weight,  "open"  fibre  optic  submarine 
cable.  The  joint  preserves  the  inherent 
strength  of  the  cable,  can  be  handled  as  an 
integral  part  of  the  cable  through  the  cable 
machinery  of  the  lay  vessel,  is  designed  to 
simplify  offshore  assembly  procedures  and  is 
assembled  in  less  than  12  hours. 
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TESTING  OF  SOME  SINGLE  MODE  FIBRE  CABLES  AND  RIBBONS  BY  THE  allfc(X) 
METHOD 
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ABSTRACT 

The  anb(A)  method  has  been  applied  to  single  mode 
fibre  cables’  temperature  and  tensile  performance  tests 
using  30  m  samples,  and  to  fibre  ribbon  tests  using  9  m 
samples.  The  fibre  equivalent  bend  diameter  and  possible 
attenuation  increase  at  1550  nm  (or  at  any  wavelengtn)  can 
be  reliably  estimated  by  the  method.  Cables  and  ribbons 
can  be  tested  without  generating  the  extreme  conditions 
necessary  for  the  LPOl  mode  attenuation  increases.  The 
bending  of  the  fibres  is  more  helpful  and  reliable 
information  than  attenuation  values. 

An  SZ-stranded  loose  tube  cable  design  was  optimized. 
The  bend  diameter  range  for  fibre  movements  inside  a  bad 
SZ-design  in  varying  temperature  was  significantly  larger 
than  for  helical  cables.  In  the  optimized  slotted  core  SZ- 
design,  a  narrow  bend  diameter  range  was  achieved 
together  with  a  good  tensile  performance.  The  quality  of 
fibre  ribbons,  whether  any  external  micro  and  macro  bends 
exist  in  the  ribbon  or  not,  can  be  determined  with  short 
samples  using  this  method  the  method. 


INTRODUCTION 

The  development,  testing  and  optimization  of  optical 
cables  are  expensive  and  time  consuming  ‘asks.  With 
standard  test  methods  based  on  direct  fundamental  mode 
attenuation  measurements  hardly  any  information  of  the 
fibre  bending  in  cables  can  be  obtained  and  very  long  cable 
samples,  1  -  2  km  or  more,  must  still  be  used. 
Attenuation  increases  can  only  be  seen  at  extreme 
temperature  or  stress  conditions,  and  the  large  variation  of 
the  bend  sensitivity  among  the  standard  single  mode  fibres 
can  cause  confusion  in  conclusions. 

The  allb(X)  method  has  recently  been  developed  to 
better  adduce  these  problems  and  to  solve  them  in  single 
mode  fibre  cable  tests  [1,  2].  It  is  based  on  the  LPl  1  mode 
bend  attenuation  (the  a  lib)  measurements  as  a  function  of 
wavelength.  The  method  can  be  applied  to  tests  with  short 
cable  samples,  down  to  30  m  in  length,  and  to  very  short 
fibre  samples,  down  to  2  m.  The  Qllb(X)  is  measured 
using  the  LPOl  mode  output  power  as  a  reference  (without 


cutting  the  fibre)  by  a  standard  cut-back  measurement 
instrument  with  modified  software  [1]. 


800  1000  1200  1400  1800 


«BTcki«U.  am 

Fig.  1.  The  allb(X)  method.  Fibre  core  radius  a  and 
ref.ind.diff.  An  are  proportional  to  the  differences 
shown  in  the  plot  [1]. 

In  using  the  allb(X)  method,  first  the  allb(X)  of  a  fibre 
in  the  test  sample  is  measured,  and  an  individual  2  m 
macro  bend  test  for  the  fibre  is  performed  on  several  bend 
diameters  from  30  mm  to  600  mm  (Fig.  1).  The  equivalent 
bend  diameter  of  the  fibre  in  the  test  sample  (the  constant 
bend  diameter  that  would  cause  the  same  total  bend 
attenuation)  is  determined  by  using  the  2  m  test  results  as 
a  reference  bend  diameter  scale. 

Furthermore,  the  structural  parameters  of  the  fibre 
refractive  index  profile  (core  radius  and  refractive  index 
difference)  are  determined  with  the  2  m  test  by  comparing 
the  allb(X)  and  aOlb(X)  curve  series  measured  with  the 
theoretical  bend  attenuation  curves  [1,  3].  Finally,  the 
estimated  attenuation  increase  of  the  LPOl  mode  at  1550 
nm  is  calculated  from  the  equivalent  bend  diameter  and 
structural  parameters  using  the  theory  [1,  3]  (Fig.  1).  The 
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macro  bend  attenuation  of  the  LPOl  mode  on  any  bend 
diameter  at  any  wavelength  can  thus  be  estimated,  and 
even  the  fibre’s  micro  bend  sensitivity  which  is  also 
dependent  on  the  same  structural  parameters  [1]. 

In  this  paper  the  all^(X)  method  is  applied  to  the 
optimization  of  an  SZ-stranded  loose  tube  cable  design. 
TTie  test  results  were  compared  to  the  corresponding  helical 
design  results  partly  presented  in  [1].  The  methods 
reliability  was  additionally  proved  in  short  sample  cable 
tests,  and  the  method  was  also  applied  to  4-fibre  ribbon 
tests  in  order  to  investigate  macro  and  micro  bends  that  can 
cause  attenuation  increases  at  extreme  temperatures.  A  9 
m  ribbon  test  based  on  the  oll^(X)  method  was  developed. 


THE  CABLE  EXPERIMENTS 

The  allt,(X)  method  was  applied  to  two  kinds  of  cable 
designs.  The  first  design  was  a  slotted  core  cable  for  duct 
installations  (Fig.  2,  [4])  with  6  secondary  tubes  (including 
4  -  6  fibres  each)  placed  in  S-stranded  slots,  and  the  other 
was  a  similar  design  but  slots  and  tubes  were  SZ-stranded. 
The  single  mode  fibres  in  the  cables  were  standard  (CCITT 
G.652)  fibres  with  a  matched  cladding  refractive  index 
profile. 


-0  Primary  coaled  optical  libre 
■ -(£)  PoJyamfde  lube 
Slotted  core 

“  0  Strengm  membet 
Filling  compound 
0  Pilling  compound 
0)  Potyettiytene  stiealh 


Fig.  2.  The  cable  design  investigated.  [4] 

Both  cable  types  were  investigated  in  several  different 
samples  with  the  intention  to  see  the  relationship  between 
process  parameters,  fibre  bending  at  room  temperature 
and  attenuation  increases  in  extreme  temperatures,  as  well 
as  between  the  bending  and  tensile  performance  window. 
The  helically  stranded  design  was  tested  in  6  different 
samples  with  various  excess  lengths  of  fibres  [1|.  The  SZ- 
stranded  version  was  investigated  in  8  different  samples,  4 
of  them  were  also  discussed  in  [1).  This  design  was 
examined  by  varying  excess  lengths,  pitches  and  reverse  lay 
lengths  of  stranding. 


The  cable  tests 

The  cable  samples  were  investigated  using  the  all,,(A) 
method,  first  in  room  temperature  in  .'^O  m  sections  turned 
on  two  different  cable  bend  ditinicter.  120  cm  and  cm. 


After  this  the  65  cm  coils  were  cycled  in  temperature  test 
[1]  from  -40  to  +70  °C  10  times.  At  least  two  fibres  for 
two  tubes  in  each  cable  were  tested. 

The  same  cables  were  investigated  in  tensile  performance 
tests  with  straight  25  m  sections  using  the  method  [1].  The 
oll^(X)  measurements  were  done  by  a  standard  cut-back 
measurement  instrument  (FOA2000  made  by  Photon 
Kinetics  Inc.)  [1]. 

The  results  obtained  by  the  allb(X)  method  were 
compared  to  standard  test  results  measured  in  long  fibre  or 
cable  tests. 


THE  RIBBON  EXPERIMENTS 

The  intentions  of  the  ribbon  tests  were  to  develop  a 
repeatable  and  reliable  test  procedure  with  the  all^(X) 
method  for  short,  2  -  10  m  ribbon  samples.  The  test 
method  was  to  show  whether  tlic  fibres  were  well  or  badly 
placed  in  the  ribbons.  "Well"  means  that  attenuation 
changes  of  the  fibres  at  a  temperature  cycling  test  from  -60 
to  +80  “C  at  1550  nm  do  not  exceed  ±  0.02  dB/km.  i.e.. 
no  micro  or  macro  bends  are  generated  in  the  fibres  of  the 
ribbons.  "Bad"  means  larger  attenuation  increases. 

Several  ribbon  lay-outs  were  tested  with  q11„(X) 
measurements,  and  a  9  m  test  lay-out  was  chosen.  Both 
good  and  bad  ribbons  were  found,  and  results  were 
compared  with  long  fibre  temperature  cycnng  test  results, 
and.  for  the  good  ribbons,  to  the  cable  test  results  as  well. 


The  9  m  ribbon  test 

For  the  9  m  ribbon  test,  the  sample  was  timed  .s.5  times 
(6.6  m)  on  a  600  mm  diameter  plate  during  the  all^(X) 
measurements  of  the  sample  (Fig.  .1).  .About  t  2  m  section 
of  the  launching  end  of  the  fibres  was  separated  from  the 
ribbon  coating  and  partly  turned  (45°)  on  a  t.OO  mm  bend 
diameter  during  these  measurements  [1],  The  reference 
LPOl  mode  powers  were  measured  with  a  mode  blocking 
filter  (1  turn  on  20  mm)  performed  on  the  open  fibre 
section.  Other  sections  of  the  sample  were  kept  as  straight 
as  possible  during  both  measurements. 


The  2  m  reference  macro  bend  tests  were  performed  on 
30  -  600  mm  bend  diameters  as  usual  [1]  for  the  samples 
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cut  from  the  ribbon.  For  each  bend  diameter  the  actual 
bent  length  must  be  used  in  all;,  calculation.  Because  a 
fibre  bending  inside  the  primary  coating  can  be  changed  in 
the  colouring  process  or  in  the  encapsulating  process, 
original  primary  coated  reference  samples  are 
recommended. 

The  all^(A)  curve  of  each  fibre  in  the  ribbon  was 
compared  to  the  corresponding  2  rr.  reference  te.st  curves. 
If  the  fibre  was  placed  ideally  in  the  ribbon,  the 
of  the  ribbon  would  correspond  to  the  curve  in  the 

2  m  test  on  a  600  mm  bend  diameter.  Thus,  the  difference 
between  the.se  curves  and  their  derivatives  is  proportional 
to  the  bends  along  the  fibre.  It  can  roughly  be  concluded 
that  the  larger  the  difference,  the  smaller  macro  bends 
exist  along  the  fibre,  and  the  lower  the  derivative  of  the 
ribbon  an(,(A)  curve,  the  more  micro  bends  have  been 
generated  in  the  ribbon. 


FIBRE  BENDING  IN  THE  CABLE  DESIGNS 
Equivalent  bend  diameter 

The  equivalent  bend  diameter  for  a  fibre  in  a  test  sample 
is  the  constant  bend  diameter  on  which  the  whole  fibre 
section  should  be  curved  to  get  the  same  total  bend 
attenuation  [1].  Such  a  parameter  is  necessary  in  order  to 
describe  fibre  macro  bending  in  cables  by  one  discrete 
parameter.  In  most  cases  fibres  are  more  or  less  randomly 
bent  inside  cables. 

Macro  bend  attenuation  is  exponentially  dependent  on 
the  inverse  bend  diameter,  i.e.,  the  smallest  existing  bend 
diameter  will  give  the  largest  contribution  to  the  bend 
attenuation.  Thus,  it  is  convenient  to  use  ’the  equivalent 
bend  diameter’  in  cable  analysis.  The  equivalent  bend 
diameter  determined  by  the  a  1 1^(A)  method  is  smaller  than 
the  mean  bend  diameter,  but  it  is  equivalent  for  the 
attenuation  increases. 

For  a  fibre  wound  without  micro  bends  on  a  mandrel, 
the  equivalent  bend  diameter  is  the  mandrel’s  diameter.  A 
helically  curved  fibre  also  has  a  constant  bend  diameter 
equal  to  its  equivalent  bend  diameter,  which  can  be  easily 
calculated  from  the  helix  parameters  [5]. 

Fibre  bending  in  cables  in  varying  (ensile  and  temperature 
conditions 

The  bend  radius  of  a  curved  fibre  at  every  point  and  the 
fibre  length  to  this  point  can  be  calculated  only  if  the  curve 
can  be  described  mathematically.  For  fibres  in  real  cables 
this  can  seldom  be  done  with  sufficient  accuracy  because  of 
the  characteristic  structural  variation  of  each  design, 
various  cable  materials,  and  many  variable  process 
parameters.  In  addition,  cables  in  lactory  tests  are  wound 
on  drums,  possibly  with  a  varyiiig  tension. 

Rough  liniits  for  the  allowed  bend  diameter  range  for 


fibres  in  the  helix-  and  SZ-stranded  cables  investigated  can 
be  set  by  measuring  the  cables’  actual  construction 
parameters  and  using  the  simple  helbt  equations  [5]  and  the 
theory  reverse  lay  stranding  [6].  The  optimum  fibre 
position  at  room  temperature  is  around  the  middle  of  the 
tube,  and  the  limits  for  those  bend  diameter  range  without 
attenuation  increases  are  the  cases  where  the  fibres  lie 
along  the  inner  (the  largest  bend  diameter)  or  outer  wall 
(the  smallest  bend  diameter)  of  the  stranded  tubes.  In  the 
reverse  sections  of  an  SZ-cable  there  may  exist  a  variation 
of  about  -r20  -  -80  %  of  the  bend  diameter  in  addition  to 
the  corresponding  helical  design  may  exist  [6].  A  slight 
buckling  of  the  fibres  down  to  almost  100  mm  equivalent 
bend  diameters  can  be  allowed  without  causing  attenuation 
increases  [1]. 

The  equivalent  bend  diameter  in  the  cables  studied 
decreases  at  low  temperatures  due  to  the  axial  compression 
of  the  cable,  and  increases  at  high  temperatures.  The 
temperature  elongation  of  these  cables  is  close  to  that  of 
the  plastic  materials’  used  in  them,  and  the  elongation  of 
the  fibres  can  be  estimated  to  be  zero  due  to  the  low 
elongation  coefficient  of  the  glass. 

Thus,  by  measuring  the  equivalent  bend  diameters  and 
comparing  them  with  the  estimated  allowed  bend  diameter 
range,  the  fibre  position  in  the  cable  can  be  determined. 
When  some  samples  of  a  design  are  first  investigated  in  this 
way  in  temperature  and  tensile  performance  tests,  the 
tensile  and  temperature  performance  of  the  cable  can  be 
estimated  at  room  temperature  by  the  qi11j,(X)  method. 


RESULTS 

The  allh(X)  method’s  reliability  w'as  further  studied  in 
the  cable  and  secondary  coating  tests  (random  bending)  and 
macro  bend  tests  of  20  different  fibres  (constant  bend 
diameter).  'The  equivalent  bend  diameter  of  a  fibre  in  a 
sample  can  be  estimated  by  a  ±  10  %  repeatability,  and 
the  corresponding  macro  bend  attenuation  of  the  LPOl 
mode  can  be  estimated  by  a  ±  2v  %  accuracy  (Fig.  4). 
Only  such  all|,(X)  measurements  where  macro  bends 
dominated  were  used.  The  q  1 1^(X)  values  can  be  measured 
by  at  least  a  ±  5  %  repeatability  (corresponds  to  a  5  nm 
repeatability  at  a  wavelength  scale),  in  most  cases  even  by 
a  ±  1  %  repeatability. 

The  equivalent  bend  diameter  range  within  which  the 
fibres  moves  in  an  SZ-cable  was  seen  to  be  dependent  on 
the  number  of  helical  turns  between  the  reverse  points,  the 
fibre  excess  length  in  the  cable,  and  particularly  on  the 
cable  core  construction.  The  bend  diameter  range  in  the 
temperature  test  for  the  optimized  slotted  core  cable  was  as 
narrow  as  for  the  good  quality  helically  stranded  slotted 
core  cables  (Fig.  5a.  and  [1])  simultaneously  with  a  wide, 
0.5  %  tensile  performance.  The  excess  length  variation 
shifts  linearly  the  temperature  bend  diameter  window  of  the 
cable  on  a  bend  diameter  scale. 

In  the  cables  without  a  slotted  core  (Fig.  5b),  the  fibre 
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bend  diameter  changed  at  a  very  large  window  in  the 
temperature  test.  The  lower  fibre  excess  length  did  not 
help,  the  bend  diameter  window  was  only  shifted  to  larger 
bend  diameters. 
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Fig.  4  The  a01p(1550  nm)  estimated  as  a  function 
of  the  measured  attenuation  increase,  a0lp(1550 
nm).  The  •-marked  points  are  from  cable  tests  and 
•  -marked  from  fibre  macro  bend  tests. 
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Fig.  5.  Temperature  test  results  for  a)  a  2.5-turn  and 
b)  for  a  .'t.5-turn  SZ-cable  by  the  allp(X)  method. 
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Fig.  6.  The  ribbon  te.st  results  and  their  ref.  tests  for 
a  fibre  a)  with  micro  bends,  b)  with  macro  bends, 
and  c)  without  additional  bends. 

The  9  m  ribbon  test  was  proved  to  be  reliable.  A  clear 
difference  between  well  and  badly  situated  fibres  was  seen. 
Both  micro  bends  (Fig.  6a),  additional  macro  bends  (Fig. 
6b).  and  ideally  situated  fibres  (Fig.  6c)  were  found.  The 
results  correlated  to  the  attenuation  increa.ses  measured  in 
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standard  temperature  cycling  tests  and  in  cable  tests. 

If  necessary,  the  method’s  reliability  can  be  improved  by 
using  a  little  longer  fibre  sample  in  the  reference  test  to  get 
at  least  2  turns  on  a  600  mm  bend  diameter.  The  accuracy 
of  the  bend  diameter  determination  can  be  improved  by 
measuring  several  bend  diameters  between  280  mm  and  600 
mm  in  the  reference  test. 


SUMMARY 

The  cable  tests:  The  fibre  bending  can  be  investigated  in 
short  cables  by  the  all^(X)  method  without  reaching 
extreme  conditions  for  LPOl  mode  attenuation  increases. 
An  optimized  SZ-stranded  slotted  core  cable  design  was 
developed,  and  it  has  as  narrow  a  bend  diameter  window 
of  fibre  moving  in  temperature  variation  as  the  good  quality 
helical  cables.  For  optimized  loose  tube  cable  designs, 
fibre  bending,  and  temperature  and  tensile  performance 
windows  can  be  estimated  from  room  temperature  allb(X) 
measurements  on  30  m  samples,  because  the  fibre  excess 
length  variation  only  shifts  the  fibre  bend  diameter  window 
linearly. 

The  ribbon  tests:  The  9  m  ribbon  test  method  is  a 
simple,  informative  and  reliable  test  method  for  ribbons. 
Fibre  bending,  the  equivalent  bend  diameter  and  whether 
there  exist  any  micro  bends  in  the  ribbon  can  be  estimated 
by  the  test.  The  sensitivity  of  the  test  can  be  improved,  if 
necessary,  by  using  longer  ribbon  samples.  Very  short 
ribbon  samples,  such  as  2  m,  can  be  used  for  rough 
determinations. 
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EVALUATION  OF  ANT I BALL I STIC  SHEATHINGS  FOR  AERIAL  FIBER  CABLES 

SUSANA  CAMARA  CARLOS  6.  CORTINES 

ALCATEL  STANDARD  ELECTRICA  /  MALIAflO  -  CANTABRIA  -  SPAIN 


ABSTRACT 

We  have  per -formed  a  study  o-f  di-f-ferent 
sheathings  used  as  an  e-f^ective  shooting 
protection.  We  veri-fy  that  it  is  not 
enough  to  have  barrier  materials  against 
pellets,  but  in  addition,  it  is  neces- 
sarv'  that  sheaths  have  the  property  o-f 
absorbing  the  collision  energy,  as  col¬ 
lision  could  produce  a  decrease  o-f 
signal  transmission  inside  the  cable 
without  piercing  the  sheath. 

In  this  paper  we  show  all  the  mate¬ 
rials  that  -form  the  cables  especial  Iv- 
the  sheathing,  their  technical  proper¬ 
ties,  the  shot  tests  and  a  report  o-f 
designs  for  different  applications  at¬ 
tending  to  the  distances  and  the  kind 
of  pellets. 


INTRODUCTION 

The  widespread  development  of  Telecom¬ 
munications  and,  above  all,  the  advent 
of  optical  fiber,  means  that  there  are 
now  a  lot  more  users  of  these  ser¬ 
vices  and  also  that  the  requirements 
of  the  customary  users  in  this  sactor 
ha'-e  increased.  One  of  the  most  inter¬ 
esting  e-amples  of  this  incro^se  in 
requirements  is  that  of  Electricit'- 
Companies,  who,  on  one  hand,  have  been 
able  to  solve  the  technical  problems 
which  the  use  of  metallic  communica¬ 
tion  cables  in  electro  -  static  and 
electro  -  magnetic  atmospheres  present. 
These  problems  are  typical  in  electric 
supply  systems.  On  the  othe>“  hand  lim¬ 
iting  by  law  the  frequencies  of  the 
use  of  microwaves,  gratefully  welcomed 
b>'  the  Electric  sector,  another  prob¬ 
lem  has  been  solved. 

The  introduction  of  optical  fiber  has 
greatly  increased  the  pot enc i a  1 1 1 y  of 
common  1 ca t 1 ons  and  lilewise  the  use  of 
optical  f iber  . 

In  spite  of  -optical  fiber  being  a 
rather  fragile  raw  material,  the  Lie-ers 
e'pect  cable  manu  f  ac  t  ur  er  s  to  supp' I 
them  with  high  quality  per tormances . 
not  only  as  far  as  1 1- ansm  i  ss  ion  is 


concerned  but  also  mechanical  performances 
which  resist  installation  plus  a  long 
lifetime  in  aggressive  atmospheres.  Al- 
thought  system  designers  plan  their  net¬ 
works,  in  fived  installations,  usually  in 
ducts  and  buried,  aerial  i  ns  t  a  I  I  a  t  i  ons  ai-e 
sometimes  of  absolute  necessity.  They  are 
sometimes  of  absolute  necessity  for  legal 
reasons  or,  as  in  the  case  of  electricity 
companies,  the  cable  runs  through  high 
voltage  wires,  in  which  case  the  cable 
cannot  be  buriea. 

A  new  parameter  which  must  be  tgPen  into 
account  when  calculating  and  designing  the 
route  of  aerial  cables,  as  well  as  the 
usual  one  'sags,  voltage.  span  length, 
etc.)  IB  the  ballistic  resistance  of  tne 
cable.  As  these  cables  have  dielectric 
sheathing  and  their  means  of  transmission 
is  by  optical  fiber  then  ballistic  resist¬ 
ance  needs  to  be  -  ery  high. 

ACTUAL  SITUATION 

Electricity  Companies  have  alwa-s  been  the 
greatest  users  of  optical  aerial  cables. 
They  use  three  types  of  aerial  cables: 
0P6W ,  the  self  supporting  type  fr>r  very 
long  length  spans  and  lashed  to  tno  grQi_(nq 
wire.  Figures  i  ,  S  and  2  show  the  f r^ns- 
'-ersa !  sections  of  these  cables. 

The  supply  of  energy  and  communication 
through  the  ground  conductor  of  High  Volt¬ 
age  aerial  lines  becomes  simultaneous  when 
the  OF'GW  cable  is  used.  This  cable  also 
provides  not  only  a  high  quail  tv-  telecom¬ 
munication  system  bvit  also  high  capacity 
transmission.  Howev'er  ,  the  subject  of  this 
" Ant i b a  I  I  1  s t 1 c  Cables"  paper  is  not  about 
this  cable  due  to  its  outer  metallic  com¬ 
pos  1 t ion . 

The  design  of  the  self  supporting  cable  is 
principally  a  stLid-,,  of  a  mechanic  type  ad¬ 
justed  to  the  ma  imum  span  of  the  line  and 
to  fhe  geographical  cone  aiid  afmospt'eric 
conditions  in  which  it  is  located.  Mecha¬ 
nic  tension  is  achieved  b-.  means  of  arami- 
de  arns  placed  between  tlte  jactets.  Due 
to  the  mechanical  c  h  ar  ac  t  er  i  s  t  i  c  s  ,  wh-i-h 
these  cables  must  boast  ot,  it  le  neces¬ 
sary  to  pad  them  with  ^  great  amount  of 
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FIGURE  e 


high  module  yarns,  which,  undoubtedly,  act 
as  an  an t iba I  I  i s t i r  barrier,  and  which,  up 
to  the  present  have  been  used  in  order  to  SELF  SUPPORTING  CABLE 

provide  them  with  this  barrier. 


OPGM  CABLE 

1.  Optical  Core 
S.  Filling  Compound 
3.  Aluminium  Tube 


4.  Allumoweld  Wires 


Type  I 

Type 

II 

Short-circuit  current 

17  kA 

85 

kA 

Outer  Diameter,  mm 

15 

18 

Weight  ,  kg/km 

6S0 

831 

Howe-'er  ,  our  e  periments  ha''e  shown  us 
that  this  projection  alone,  is  not  sut- 
1 1C  lent  guarantee.  It  we  wanied  to  guar¬ 
antee  that  It  was  an  ant i b a  I  1 i s t  i  r  cable 
we  would  ha'^e  to  use  so  much  yarn  that  it 
would  male  the  cable  tinancially  unteas- 
ab  1  e  . 

As  regards  structure  the  lashed  cable  is 
similar  to  the  selt  supporting  type,  but 
owing  to  mechanical  requirements,  the 
amount  ot  yarn  ijsed  in  the  latter  is 
lower  than  the  amount  yised  in  the  tormer  . 


FIGURE  3 

LASHED  CABLE  TO  THE  GROUND  WIRE 

1 


1.  Optical  Core 
S,  Inner  Jacket  HOPE 

3.  Ant ibal I ist ic  Aramide  Tapes 

4.  Outer  Jacket  HOPE 

Outer  Diameter:  16  mm 

Weight  :  840  kg /km 
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NEW  CABLE 


FIGURE  4 


1 .  DESIGN 

The  solution  that  we  ha'-e  discovered  con¬ 
sists  in  putting  between  the  jackets  ara- 
mide  yarn  woven  + apes  so  that  pellets 
cannot  penetrate  through  them.  This  is 
achie'ed  by  a  suitable  selection,  no-t 
only  in  the  amount  but  also  in  the  type 
ot  yarn  wo'.'en,  plus  the  type  o-f  weaving. 
This  cable  has  basically,  a  structure 
similar  to  the  conventional  types  as  tar 
as  core  and  sheathings  are  concerned, 
even  in  selt  supporting  cables  the  tapes 
do  not  rule  out  the  use  ot  aramide  yarns 
as  elements  ot  resistance. 

Figure  4  shows  the  new  cable,  in  which 
the  longitudinal  layout  ot  these  tapes 
can  be  seen.  This  kind  ot  layout  can  be 
carried  out  during  the  sheathing  extru¬ 
sion  process,  which  not  only  males  its 
application  easier  but  also  brings  down 
manu t ac t ur 1 ng  costs. 

In  the  design  ct  these  cables  it  is  not 
only  essential  to  build  a  barrier  which 
stops  pellets  trom  penetrating  into  the 
inside  core  but  also  to  stop  the  pellet 
■from  doing  any  damage  even  i -f  it  only 
hits  the  -fiber.  It  is,  therefore,  neces¬ 
sary  to  place  a  buffer  between  the  t  ap^es 
and  the  optical  core.  The  buffe'-  wi  I  ’ 
then  receive  the  bias*  from  the  pellets, 
arid  IP  this  wa'/  the  optical  core  will  ne 
safe  from  any  harm.  ws  we  shall  see  a 
-a.riety  of  tests,  with  different  types 
ar'id  amount  of  tapes,  and  also  different 
materials  for  the  inner  and  o'jter  sheath- 
V  nr;  ,  have  be»n  carried  o'j*  . 


a.  DESCRIPTION  OF  ARAMIDE  YARN  TAPES 


ANT I BALL I STIC  SELF  SUPPORTING  CABLES 


1 .  Opt ical  Core 

3.  Inner  Jacket  HDPE 

3.  Aramide  Yarns 

4.  Ant ibal 1 1st ic  Aramide  Tapes 

5.  Outer  Jacket  HDPE 

Outer  Diameter:  18  mm 

Weight:  385  kg/km 


FIGURE  5 


The  tests  were  curried  "aut  ijs  i  nq  dif¬ 
ferent  types  of  aramide  -ram  wo  en  tapes, 
r  - -rfri  the  i“esults  of  *hese  ^le  chose 

■3  t  .jpp  woven  wit*".  llfh,.;'  dte:  low  inodulue 

.a'l'r;,  its  ifiiclnees  and  weight  were  r,^y. 
mm  and  0.t''4b  g'cind  respecti  ely.  The 
wid*h  of  *he  *  ape  is  adjusted  accor-oinq 

to  the  diameter  of  the  cable  it  is  to 

pro*er*  .  We  believe  tna*  a  minimum  dis¬ 
tance  i-f  I'd  meters  will  comp  I-/  with  the 
requ  1  r  eiTient  s  of  the  clients  for  *he  ♦  vpe 
c -*■  mijr.it  ic-n  ijsed  in  bir.j  himtinq.  With 
r  equ  1 eaien  t --  i  r,  mind  two  *  apes  we  ap¬ 
plied  as  1---  shown  in  *^:gu-*e  j  a'ld  the 

■■  esu  Its  Ob  t  a  i  '-re.-y  ,  yy  s*'Own  I  a  *  er  . 


3.  TESTS 

M+*c-*-  t.,^sts  were  ca'-ried  ou*  o-r.  *est 
C'leces,  the  si  p.-o*ot-  pe  rahioc  were 
set  ec  t  ed  and  m  a  r-u  f  a  c  t  u  red. 
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RESULTS  OBTAINED  IN  CABLES  WITH  THE  FOLLOWING  JACKETS:  INNER  JACKET  LLDPE  0.8  mip 

OUTER  JACKET  HOPE  1 .0  mm 


SAMPLE 

No. 

No .  oT 
TAPES 

DISTANCE 

m 

DIAMETER 

PELLET 

HOLES  IN 
OUT. JACKET 

PELLETS 
1st  TAPE 

STOPPED  IN 
8nd  TAPE 

HOLES  IN 
INN. JACKET 

PELLETS 
OPTICAL  1 

1 

1 

85 

5 

17 

fe 

4 

1 

a 

1 

85 

S 

19 

8 

- 

8 

- 

3 

1 

80 

5 

14 

4 

- 

6 

8 

4 

1 

80 

6 

16 

4 

- 

7 

1 

5 

a 

80 

5 

17 

8 

4 

1 

- 

6 

a 

80 

6 

80 

S 

S 

0 

- 

7 

a 

15 

5 

13 

4 

4 

8 

8 

8 

a 

15 

t. 

19 

7 

4 

3 

3 

TABLE  a 

RESULTS  OBTAINED  IN  CABLES  WITH  THE  FOLLOWING  JACKETS:  INNER  JACKET  LLDPE  1.5  mm 

OUTER  JACKET  HDPE  1.0  mm 


SAMPLE 
No . 

No .  o-f 
TAPES 

DISTANCE 

m 

DIAMETER 

PELLET 

HOLES  IN 
OUT . JACKET 

PELLETS 
1st  TAPE 

STOPPED  IN 
8nd  TAPE 

HOLES  IN 
INN. JACKET 

PELLETS  IN 
OPTICAL  CORE 

9 

1 

85 

5 

16 

7 

f. 

10 

1 

85 

6 

14 

18 

- 

8 

- 

11 

1 

80 

5 

81 

*3l 

- 

7 

1 

18 

1 

80 

6 

17 

s 

- 

7 

- 

13 

8 

80 

5 

19 

7 

6 

a 

- 

14 

a 

80 

6 

18 

8 

1 

0 

- 

15 

a 

15 

5 

14 

s 

3 

1 

I 

16 

a 

15 

6 

16  5 

TABLE  3 

4 

1 

RESULTS  OBTAINED  IN  CABLES  WITH  THE  FOLLOWING  JACKETS:  INNER  JACKET  HDPE  1.5  mm 


OUTER  JACKET  HDPE  1 .0  mm 


SAMPLE 

No. 

No .  o-f 
TAPES 

DISTANCE 

m 

DIAMETER 

PELLET 

HOLES  IN 
OUT . JACKET 

PELLETS 
1st  TAPE 

STOPPED  IN 
end  TAPE 

HOLES  IN 
INN. JACKET 

PELLETS  IN 
OPTICAL  CORE 

17 

1 

80 

5 

18 

18 

1 

18 

1 

80 

6 

83 

16 

- 

0 

- 

19 

1 

15 

5 

17 

9 

- 

3 

3 

80 

1 

15 

6 

30 

14 

- 

7 

6 

81 

8 

80 

5 

80 

to 

8 

- 

- 

88 

8 

80 

6 

19 

7 

& 

- 

- 

83 

8 

15 

5 

19 

18 

5 

1 

- 

84 

8 

15 

6 

88 

8 

9 

- 

- 
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A  IP  gauge  shot  gun  (IS.^  mm  0)  was  used 
to  -fire  at  the  cables  as  this  seemed  to 
be  the  most  harm-ful  type  o-f  shot  gun 
owned  by  the  majority  o-f  hunters. 


The  following  two  shot 
fired  during  the  tests. 

gun 

1  oads 

were 

Diameter 

AMD 

Weight 
pel  let , 

O-f 

gr 

Approx .  No . 
of  pellets 
in  10  gr 

No. 

5 

3.00 

0.804 

50 

No. 

6 

8.75 

0.147 

G8 

The  results  obtainp'j  are  to  be  seen  in 
Tables  1 ,  P  and  3 . 


CONCLUSIONS 

In  view  o+  the  results  obtained  the  e-f- 
■fectiveness  o-f  the  tapes  was  veri-fied  as 
well  as  the  importance  of  choosing  a 
suitable  type  o-f  polyethylene  for  the 
inner  sheathing.  As  can  be  seen,  so  as 
to  avoid  the  spreading  of  the  blast  to 
the  optical  core,  it  becomes  essential 
to  use  a  F'E  of  HD  displaying  substantial 
thickness  (1.5  mm). 

A  double  \ a /er  of  adecuated  aramide 
woven  tapes  effect  i'-e  I  y  protects  aerial 
telecommunication  cables  against  shot 
gun  pellets  fired  by  bird  hunters.  With 
the  layout  presented  completely  effect¬ 
ive  results,  for  distances  of  15  m  or 
over,  ha-'e  been  achieved. 

We  believe  that  this  is  the  most  suit¬ 
able  solution  for  dielectric  optical 
fibers  since  it  does  not  make  any  great 
change  in  the  design  of  the  optical 
core.  As  we  did  not  consider  shorter 
distances  to  be  of  much  interest,  a 
study  of  them  was  not  made. 

These  tapes  cannot  be  thought  of  as 
possessing  any  tensile  strength,  there¬ 
fore  it  IS  always  necessai-'/  to  include 
the  usual  pulling  elements  i  r,  the  de¬ 
signs  for  these  cables. 
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Abstract 

To  transmit  the  signals  from  the 
car  to  the  steering  wheel  a  special 
flatcable  assembly  was  developed . To 
get  a  costant  resistance  and  no 
shorttime  interruption  in  every 
position  of  the  steering  wheel  a 
flat  cable  formed  like  a  clock¬ 
spring  is  protected  in  a  housing. 
Special  constructions  of  cables 
were  designed.  The  ends  of  the  flat 
cable  are  connected  to  round  cables 
as  they  are  used  in  cars.  The 
dimensions  of  the  housingstthe 
length  and  the  thickness  of  the 
cable  must  be  harmonized  so,  that 
the  necessary  revolutions  of  the 
steering  wheel  are  assured. 


1  Introdution 

When  the  new  generation  of  elec¬ 
tronic  equipment  for  the  safety- 
system  Airbag  was  put  on  the  market 
a  transmissionline  between  car  and 
steering  wheel  was  necessary  which 
has  constant  resistance  without 
any  shorttime  interruption  in  all 
positions  of  the  steering  wheel  and 
in  all  cases  of  deceleration.  Usual 
systems  with  slipring  and  carbon 
strip  could  not  fulfill  these 
cond i t i ons . 


2  Description  of  the  System 

To  create  a  transmission  without  a 
slipring,  a  flatcable  was  wound  up 
to  a  clock-spring  and  protected  by 
a  housing.  As  the  flatcable  has 
small  cross  sections  which  are  not 
used  in  cars,  the  parts  of  the 
t r ansa i ss i on 1 i ne  which  are  not  in 


the  housing,  are  made  from  vehicle 
cable  with  a  cross  section  of  0.5 
mm* .  Picture  1  shows  in  front  a 
fist-cable  connected  to  the  round- 
cable  and  wound  up  to  a  clockspring 
and  behind  a  second  one  mounted 
into  the  housing. 


Picture  1:  flatcable 

clockspring 


The  system  consists  of  3  Important 
parts:  the  flatcable,  the  housing 
and  the  outer  connectors  or  lead 
wires  with  a  point  of  contact 
between  round-  and  flat-cable. 


3  Housins 

j.l.RgvplutioD  and  Dimension 

The  revolutions,  the  system  has  to 
acchieve,  are  different  and  depend 
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numbers  of  revolutions  N 


on  the  car.  Ther  reach  fro*  3|3  up 
to  8.  The  diaensions  of  the  hous¬ 
ings  are  quite  different  too,  be¬ 
cause  every  car  designer  has  his 
own  ideas  and  influences  the  de- 
velopaent  and  construction.  So  the 
outer  dianeter  reaches  froa  70  up 
to  nearly  150  aa,  the  inner  dia- 
aeter  froa  40  to  80aa.  There  is  no 
chance  for  standardisation. So  eyery 
car  or  car  builder  needs  his  own 
systea.  The  nuaber  of  revolutions 
depends  on  the  voluae,  which  is 
available  to  the  flatcable  clock- 
spring.  So  it  depends  on  the  inner 
and  the  outer  diaaeter  Di,  Do,  the 
thickness  t  and  the  length  of  the 
cable  L.  It  is  necessary  to  control 
the  diaensions  with  a  foraula  con¬ 
sidering  the  geoaetric  dependence. 
The  result  is  shown  in  picture  2. 
In  this  case  the  thickness  of  the 
cable  t  and  the  outer  diaaeter  of 
the  housing  Do  are  constant. 


Picture  2: 


length  L 

N  =  f  (L) 

Paraaaaeter:  Di  -t-  A 


It  is  recognisable,  that  a  cable 
that  is  too  short  or  too  long  gives 
less  revolutions.  One  can  also  see, 
that  the  saallest  inner  diaaeter 
gives  the  aost  revolut ions . This  de¬ 
pendence  reaains  the  saae  if  we 
keep  the  inner  diaaeter  constant. By 
the  saae  steps  of  the  outer  dia¬ 
aeter  the  curves  are  laying  closer 
together.  A  thicker  cable  needs 
acre  place.  How  the  nuaber  of  revo¬ 
lutions  depends  on  the  thickness  of 
the  cable  is  shown  in  picture  3, 


Picture  3:  N  =  f  (t) 

Paraaeter:  Di  +  A 


In  the  picture  the  thicknesses  of 
the  available  cables  are  narked.  To 
get  a  high  nuaber  of  revolutions  N, 
it  is  necessary  to  have  a  thin  and 
long  cable,  a  saall  inner  diaaeter 
and  a  large  outer  diaaeter,  but  you 
hardly  get  all  those  things  to¬ 
gether. 


3.2  Construction  of  Housing 

It  is  the  task  of  the  housing  to 
protect  the  flatcable  froa  danaging 
and  to  guide  the  two  points  where 
the  flatcable  is  connected  to  the 
outer  cables,  -  or  in  another  solu¬ 
tion  to  a  connector  -  while  they 
wove,  that  neans  during  the  revo¬ 
lutions. The  flatcable  nust  have  the 
possibility  of  free  aoveaent.  So¬ 
lutions  are  known  where  the  housing 
has  layers  of  foils  on  both  sides 
of  the  flatcable.  These  foils  lower 
the  noise  of  aoveaent.  There  should 
be  no  noise  when  the  steering  wheel 
is  aoved  and  no  rattle  in  the  case 
of  vibration.  The  torque  should  be 
less  than  150  aNa  and  there  should 
be  no  abbration  between  the  rotat¬ 
ing  points.  The  following  housing 
aaterials  are  available. 

POM 

PA  6.6 

PA  with  PTFE 

PC 

PBTP 

There  should  be  a  very  saall  fric¬ 
tion  coefficient  between  the  parts. 
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THe  noFBally  used  cons'truc'tioiis 
have  got  a  roll  and  a  housing  con¬ 
sisting  of  two  parts. That  nakes  two 
points  which  cause  friction.  In  a 
new  construction  the  roll  and  one 
housing  eleaent  becaae  one  part,  so 
that  there  is  only  one  friction 
point  left. 


Instead  of  the  noraal  pitch  of  2.54 
aa  there  is  used  a  pitch  of  1,7  aa . 
The  2  conductors  of  airbag  keep  the 
pitch  of  2,54  aa  and  the  4  other 
conductors  get  the  saaller  pitch. 


4 . 3  Klecti 


Charactei 


A  flatcable  with  flat  conductors  is 
a  very  thin  cable.  The  insulation 
of  the  cable  needs  a  good  abration 
strength  and  a  saooth  surface  so 
that  the  windings  of  the  cable 
could  not  stick  together  when  the 
clockspring  is  aoved.A  foil  of 
polyester  is  a  good  insulation 
aaterial.  Two  foils  covered  with  a 
special  hotaelting  adheslv  are 
laainated  together  and  include  the 
flat  conductors . The  adheslv  is  a 
two  coaponent  polyester  coapound 
which  reaches  its  full  hardness 
after  about  two  days  in  noraal  at- 
aosphere.  This  is  necessary , because 
the  steering  wheel  reaches  teapera- 
tures  about  90  to  100  *C  if  the 
car  is  standing  in  the  sun.  A  nor¬ 
aal  theraoplast ic  adhesiv  softens 
at  these  teaperatures  so  that  the 
foils  delaainate  and  the  cable  be- 
coaes  defect. If  this  happens,  the 
clock-spring  can’t  work  any  aore 
because  the  insulation  gets  folds 
and  the  windings  stick  together. 


Noraally  three  types  of  cables  with 
two  conductors  are  used  for  the 
transaissions  of  the  signals  for 
the  airbag.  Cross  sections  are  AWG 
24,  25,  and  26.  For  horn  and  speed 
control  connection  three  additional 
conductors  are  necessary.  In  that 
case  a  five  conductor  cable  is 
used.  Because  the  space  is  the  saae 
as  for  the  two  conductor  cable,  the 
conductors  and  the  pitch  are 
defined  saaller.  Picture  4  shows  a 
cable  with  6  cores. 


Picture  4:  6  core  cable 


4.3.1  Load  Capacity;  Noraally  the 
cable  is  only  used  to  transait  sig¬ 
nals.  For  the  heating  eleaent  of 
the  steering  wheel  a  current  of  8 
aap  should  be  transaitted.  The 
question  was  which  cross  section  of 
the  flatcable  would  be  necessary. In 
this  case  it  is  not  possible  to 
coapare  to  the  values  which  are 
given  in  standards  because  the  heat 
conduction  in  the  coil  is  unfavour¬ 
able.  The  worse  case  is  given,  if 
the  cable  is  wound  up  on  block  on 
the  inner  roll.  For  this  case  we 
have  aade  aessureaents  with  the 


result,  that  the  highest  steady 
current  can  be  around  3  aap,  then 
the  teaperature  rise  is  80  K.  For 
the  three  standart  cross  sections 
the  aaxiaua  load  is  shown  in  pic¬ 
ture  5.  The  values  of  flatcables 
which  are  laying  straight  are  shown 
there ,  too . 


For  the  heating  eleaent  or  other 
equipaents  in  the  steering  wheel 
with  aore  than  35  W  ,  or  3  aap,  a 
sliding  conduct  aust  be  used. If  the 
current  flows  only  on  a  period  of  3 
ainutes,  the  value  is  aproxiaately 
twice . 

4.3.2  Teaperatur  Dependence  of  the 
Re  3  i  stano  "* :  Fv.r  the  electronic 
control  systea  in  the  cars  it  would 
be  desirable  that  the  path  of  air¬ 
bag  has  a  constant  resistance  at 
all  teaperatures.  Noraally  electro- 
lytical  copper  is  used. The  resist¬ 
ance  of  the  path  rises  up  to  1,6  at 
85^  'C  and  falls  down  to  0,7  at  win 
40*C  if  the  resistance  at  20’C  is 
1,0.  The  values  include  the  toler¬ 
ances  caused  by  the  different  lots 
of  aanuf acturing  . 
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Picture  6 


5-conductor  asseabley 


5  Connection  and  Lead  Wire 

The  first  step  was  based  on  the 

idea,  that  the  connection  point  is 
eabedded  in  a  noulded  housing  so 
that  the  connection  point  is  pro¬ 

tected.  This  technology  is  still 
used  today  for  two  conductor  sys- 
teas  as  they  are  shown  in  picture 
1.  For  aore  conductor  asseablies 
the  soldered  connection  points  bet¬ 
ween  the  flat  and  the  round  cables 
are  together  with  the  folded  end  of 
the  flat  cable  and  together  with 

the  pull  -  relief  block  of  the 

stranded  round  wires  eabedded  in  a 
two-part  housing  which  is  closed  by 
welding  with  ultrasonic.  In  picture 
6  a  five  conductor  asseably  is 
shown . 

The  aetallic  connection  aay  be 
aanufactured  by: 

-  welding 

-  soldering 

-  c  r i ap i ng 

The  criaping  of  flatcable  with 
f 1  at cond uc t o r s  is  used  in  elec¬ 
tronic  equipaents  but  not  in  cars. 
Further  there  is  used  an  insulation 
displaceaent  systea  so  that  the 
diaensions  of  the  flatcable  are  not 
variable.  But  this  is  necessary  for 
the  definition  of  the  c lockspr i ngs . 
Coapetent  connector  aanu f ac tu re r s 
and  harness  aakers  have  aade  a  lot 
of  tests.  The  results  are  good  but 
the  resistance  shows  variations 


in  the  livespan  of  the  contact. If  a 
welded  contact  is  used  there  aight 
be  probleas  if  the  conductor  is 
saaller  than  AWG  25. A  soldered  con¬ 
tact  provides  the  greatest  nuaber 
of  possibilities  for  the  diaen- 
sioning  of  conductor  and  pitch.  We 
can  look  back  to  positive  experi¬ 
ences  using  a  ref low— soldering- 
systea  over  more  than  five  years. 


6  Tests  and  Specification 
6.1  Cable 

A  lot  of  tests  were  done,  wherein 
the  test  of  delaainating  is  a 
special  test  for  the  clockspring 
cable  for  airbag. The  cable  is  fixed 
as  shown  in  picture  7. 
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For  quality  assurance  a  test  for 
the  delaainatlng  teaperature  was 
defined.  A  little  piece  of  the  AWG 

flatcable  is  fixed  in  a  bend  and  Di 

stored  in  a  heating-cabinet.  A  lot  Do 

of  spec iaent 8  are  stored  at  differ-  L 

ent  teaperatures . I f  the  teaperature  N 

is  too  high,  the  insulation  delaai-  PA 

nates  or  shrinks  and  delaainat-^s .  PBTP 

For  the  cables  for  airbag  the  PC 

delaainating  point  aust  be  higher  POM 

than  130‘C.  It  aay  be  done  also  a  t 

shrinking  test  in  accordance  to  DIN 
65109,  but  the  delaaination  test 
slaulating  better  the  application 
of  clockspring  for  airbag. 


Aaerican  Mire  Gauge 
Inner  diaaeter  of  housing 
outer  diaaeter  of  housing 
length  of  flat  cable 
nuaber  of  revolution 
Polyaaid 

Polybu thy lent here  f tala t 
Polycarbnat 

Polyoxiaethylen , Polyacetal 
thickness  of  flatcable 


6 . 2  Tests  on  Cl< 


6.2.1  Electrical  Resistance;  As  the 
whole  systea  is  controlled  during 
the  application,  it  is  necessary  to 
coapare  very  exactly  with  the  noai- 
nal  value.  Meaaureaent  is  done  with 
a  four-point  systea.  The  resistance 
increeses  the  lead  wires  and  the 
connectors.  If  thei-e  is  a  perais- 
sible  tolerance  of  5  X  or  less  in 
the  requireaents ,  every  part  aust 
be  aeasured  and  if  required, 
selected . 


to  drive  the 


The  torque  required 
interface  asseably 


should  not  exceed  the  Halts.  There 


are  different  values  froa  about  70 


up  to  150  aNa  fixed  for  the  clock- 
springs.  If  there  will  be  done  a 
100  *  final  teat,  all  defects  in 


the  aechanical  parts,  such  as  the 
housing  or  roll,  or  a  fold  in  the 
flat  cable,  are  found. 


6.2.3  Durability  Test:  The  most 
iaportant  test  is  the  revolution 
durability  test.  The  fixture  of  the 
clockspring  should  be  siailar  to 
the  "in  car"  aountlng.  There  are 
aade  all  together  1,4  aio  cycles  in 
the  teaperature  reach  froa  ainus 
30‘C  up  to  plus  80'C.  One  aechani¬ 
cal  cycle  coaprisea  2  revolutions 
clockwise  and  2  revolutions  counter 
clockwise  and  back  to  the  center 
position.  Then  four  tlaes  a  aove- 
aent  of  12  degrees  clockwise  and 
counter  clockwise  close  the  cycle. 
The  test  will  be  continued  in  a 
dust  cabinet. The  asseably  is  placed 
in  a  cubical  chaaber  in  which  fine 
powdered  Portland  ceaent  is  blown. 
Only  asseablies  with  housings  that 
will  not  let  in  the  dust  can  stand 
this  teat . 
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Abstract 

Ribbon  is  being  made  or  proposed  with  designs 
having  from  2  to  12  or  more  fibres.  Many  of  the 
production  units  in  use  today  are  adaptions  of  existing 
fibre  making  plant  which  is  cumbersome  to  use,  does 
not  attain  especially  high  quality,  and,  for  the  sake  of 
stability,  cannot  be  run  at  speeds  which  give 
economical  production.  Coating  is  a  very  sensitive 
process;  the  fibres  in  the  ribbon  can  easily  develop 
unacceptable  attenuation  increases  at  low 
temperatures.  Bubbles  in  the  coating  and  bubble 
stripping  have  been  a  considerable  problem.  It  was 
therefore  decided  that  a  method  of  manufacturing 
ribbon  with  good  characteristics  and  with  a  production 
speed  considerably  higher  than  normal  had  to  be 
developed.  This  paper  presents  an  evaluation  of  this 
method  with  special  emphasis  on  the  heart  of  the 
process;  a  newly  developed,  high  precision,  acrylate 
coating  applicator. 


Introduction 

When  optical  fibre  began  replacing  copper  cable  for 
the  trunk  telephone  network  it  was  mainly  for  the 
reason  that  a  single  fibre  had  the  transmission 
capacity  of  several  hundred  copper  conductors.  The 
first  fibre  cables  comprised  very  few,  typically  six, 
fibres  but  had  comparatively,  an  enormous  transmis¬ 
sion  capacity.  However,  as  often  happens  when 
capacity  becomes  available,  new  niches  were  created 
and  the  demand  soon  absorbed  all  that  extra  capacity. 
Today  optical  fibre  cables  have  become  very  widely 
used  in  subscriber  networks  to  serve  high  speed, 
broadband  telecommunication  services,  such  as  data, 
video  and  facsimile  transmissions.  This  has  lead  to  a 
demand  for  cables  with  higher  and  higher  fibre 
counts,  often  with  96  or  more  fibres.  The  spread  of 
optical  cable  into  the  local  area  networks  has  generated 
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a  further  demand  for  cables  with  a  high  fibre  count. 
Ribbon  structures  allow  multifibre  cables  to  be  made 
compact  and  Liiis  is  the  main  reason  for  there 
introduction.  There  are  other  advantages  such  as 
easier  coupling  for  multiple  testing  of  fibre  bundles, 
quicker  splicing  especially  in  the  field  and  simpler 
termination  procedures.  To  realise  these  advantages 
a  ribbon  must  fulfil  strict  geometrical  and  other 
requirements.  Its  production  speed  must  also  be  high 
enough  to  yield  an  economical  product  and  to  meet 
the  rapidly  increasing  market  demand. 


Ribbon  and  cable  design 

A  ribbon  fibre  structure  is  formed  when  2  or  more 
fibres  are  held  together  laterally  either  by  taping  or 
bonding  the  edges  or  encapsulating  with  a  UV- 
curable  resin.  A  view  of  an  4-fibre  encapsulated 
ribbon  is  shown  below  in  Fig.1 . 


Fig.  1. 


It  is  important  that  the  whole  ribbon  matrix  is  free 
from  gas  bubbles  especially  between  the  fibres. 


550  International  Wire  &  Cable  Symposium  Proceedings  1991 


Fig.  2  depicts  the  cross  section  of  an  ideal 
encapsulated  4-fibre  ribbon. 


I  I  IK)  inn 


Fig.  2 

Fig.  3  shows  how  compact  a  96-fibre  cable  can  be 
made.  The  ribbons  are  closely  stacked  in  slots  which 
surround  a  central  strength  member.  This  design, 
called  a  slotted  core  cable,  has  a  diameter  considerably 
less  than  a  conventional  type  with  a  similar  fibre 
count. 


Fig.  3 

Ribbons  comprising  6  or  more  fibres  are  not  generally 
used  in  cables.  At  this  early  stage  of  development  the 
market  abounds  with  different  designs  of  ribbon  and 
ribbon  cables.  This  hinders  any  specific  developmental 
work  as  does  the  absence  of  universally  defined 
tolerances. 

Prior  to  their  incorporation  into  a  ribbon,  fibres  are 
usually  coloured  with  a  UV-curable  ink  with  special 
properties,  (next  section).  The  ribbon  matrix  can 


consist  of  a  soft  inner  enclosed  by  a  hard  outer, 
similar  to  a  standard  two-coat  fibre,  or  a  single  matrix 
material  with  intermediate  properties.  The  two-coat 
system  can  have  separate  applicators  and  UV-curing 
or  be  applied  wet  on  wet. 


Coating  Materials 

Taping  of  fibres  has  been  tried  but  has  reliability 
problems,  furthermore  it  is  not  easy  to  split  nor  does 
it  leave  a  clean  fibre  after  splitting;  which  is  necessary 
when  terminating  fibre  bundles. 

Total  encapsulation  of  the  fibres  is  probably  the 
commonest  ribbon  design  today.  With  this  type  of 
structure,  the  interaction  of  the  material  used  for  the 
fibre  outer  coating,  whether  coloured  or  not,  and  the 
ribbon  bonding  acrylate  is  paramount  in  ensuring  the 
desired  break-out.  Good  break-out  is  the  property 
whereby  fibres  can  be  peeled  from  the  ribbon  structure 
so  cleanly  that  no  trace  of  the  outer  ribbon  material 
remains  on  any  part  of  any  fibre  whilst  leaving  the 
colouring  ink  undamaged  on  each  fibre.  Normally,  if 
one  acrylate  is  applied  over  another,  whether  one  of 
them  is  cured  or  not,  there  will  be  an  excellent 
adhesion  between  the  layers.  To  prevent  this  adhe¬ 
sion  and  achieve  adequate  break-out  of  the  fibres,  the 
coating  materials  have  to  be  modified  as  do  the 
coating  techniques.  The  outer  coating  of  the  fibre, 
usually  a  UV-curable  coloured  ink,  has  to  have  its 
chemical  structure  altered  so  that  adhesion  to  the 
ribbon  acrylate  does  not  occur.  It  is  also  vital  that  the 
colouring  coat  is  adequately  cured  otherwise  the 
outer  matrix  material  will  adhere  to  the  surface  of  the 
fibre,  even  when  using  a  modified  ink.  A  particular 
difficulty  with  the  modified  material  is  the  considerable 
slowing  down  of  the  cure  rate  compared  with  stan¬ 
dard  material.  This  exacerbates  the  curing  problem. 

Formally  an  outer  silicon  acrylate  was  used  to  produce 
good  break-out  and  whilst  it  was  effective,  it  had  the 
undesirable  property  of  leaving  traces  of  itself  on  the 
fibres.  It  also  needed  overcoating  with  a  harder  more 
durable  acrylate  but  this  was  not  a  problem  if  a  wet 
on  wet  applicator  was  used. 

An  alternative  approach  to  the  break-out  problem  is 
to  use  standard  fast  cured  inks  and  chemically 
modify  the  ribbon  acrylate  instead.  Such  materials 
are  on  the  market  and  could  give  higher  production 
speeds  but  hitherto  we  have  not  tested  them. 
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Edge  bonding  is  simpler  than  encapsulation.  The  The  Coating  Process 
sides  of  the  fibres  are  bonded  with  a  UV-curable 

acrylate  (interstitial  bonding)  but  no  material  is  applied  The  target  for  the  project  was  to  develop  a  high  speed 

to  the  tops.  They  therefore  lack  the  buffering  coating  process  for  the  manufacture  of  optical  fibre 

protection  which  encapsulation  engenders  but  ribbon  with  a  matrix  adhering  to  close  geometrical 
produce  smaller  ribbons.  Alignment  is  also  more  of  a  tolerances  and  the  optical  properties  of  every  fibre 

problem  which  can  make  multifibre  (mass-splicing)  remaining  unimpaired.  The  heart  of  the  system  is  the 

terminations  difficult.  Break-out  is  less  important  so  pressurized  ribbon  coating  applicator  which  was 
that  standard  fast  curing  colouring  inks  can  be  used  designed  from  the  outset  to  run  optimally  with  a 

in  production.  coating  speed  of  around  300  m/min.  Using  the 

various  acrylate  parameters  it  was  possible  to 
theoretically  establish  all  the  interactions  between 
the  internal  fluid  flows  so  that  the  angles  and  distances 
Equipment  required  for  optimum  performance  and  stability  could 

be  calculated  with  a  considerable  degree  of  accuracy. 
The  line  configuration  is  shown  in  Fig. 4.  The  first  coater,  built  to  this  design,  was  subjected  to 

intensive  and  painstaking  experimental  work  aimed 
It  includes  a  multihead  pay-off  with  facilities  for  up  to  at  perfecting  the  coating  process.  The  applicator  is 

12  reels;  the  pay-off  tension  of  each  fibre  being  shown  in  Fig. 5. 

monitored  to  ensure  perfect  balance  in  the  system. 

The  fibres  then  pass,  via  a  static  discharger,  into  the  The  coater  has  four  material  inlets,  allowing  the  use 
UV-curable  acrylate  applicator,  a  double  (wet  on  wet)  of  either  one  or  two  different  materials  in  a  wet  on 

coater  of  advanced  design.  The  coater  is  preheated  wet  process.  The  inner  die  system  can  be  used  for 

from  beneath.  edge  bonding  only  or,  with  a  different  pressure,  for  a 

The  remainder  of  the  equipment,  double  UV-curing  buffer  layer.  When  used  for  single  material 

irradiators,  capstan  and  take-up  is  a  standard  fibre  encapsulating  the  inner  system  ensures  that  the 

drawing  setup.  There  is  provision  for  two  different  interstices  are  completely  filled  obviating  the  need  for 

acrylates  with  a  delivery  pressure  up  to  4  bar  and  a  bubble  stripping  device  over  the  coater.  The  three 

temperature  up  to  60  ^  C.  die  system  was  chosen  to  produce  the  best  alignment 

with  varying  fibre  diameters  and  to  allow  easy 
interchange  to  accommodate  different  ribbon  designs 
or  dimensions. 


Fig.  4 
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In  use  the  coater  has  achieved  all  that  was  expected 
of  it.  Alignment  of  the  fibres,  in  both  directions  is 
good  as  is  the  ability  to  accept  different  coating 
materials  and  produce  different  ribbon  designs  to 
close  tolerances.  Reproducibility  is  well  up  to 
expectation.  Cleaning  is  carried  out  without 
dismantling  under  normal  production  conditions.  A 
remaining  drawback  is  the  degradation  of  the  outer 
coating  with  speeds  less  than  200  m/min.  but  this  is 
a  limitation  that  has  to  be  accepted.  The  coater  has 
produced  satisfactory  results  for  edge  bonded  ribbons 
and,  with  alternative  dies,  a  well  aligned  eight  fibre 
ribbon  was  made.  An  example  of  a  four  fibre 
encapsulated  ribbon  produced  with  a  line  speed 
exceeding  300  m/min  is  shown  in  Fig.  6. 


Fig.  6 


Test  Results 

All  the  tests  results  presented  below  relate  to  4-fibre 
encapsulated  ribbon  with  a  double  layer  matrix  of  the 
same  material.  The  fibres  were  standard  single  mode, 
coated  with  two  acrylate  layers  and  a  UV-cured 
colouring  ink.  After  colouring  the  nominal  outer 
diameter  was  2 50-260 //m  and  the  outer  dimensions 
of  the  matrix  400x1 100 //m.  Production  speed  was 
200-300  m/min. 

Attenuation 

Measurements  were  taken  for  each  fibre  before  and 


after  making  the  ribbon.  Subject  to  the  limits  of  the 
measuring  equipment,  no  increase  in  attenuation 
was  detected.  The  results  for  the  ribbon  at  1 300  nm 
and  1 550  nm  are  presented  in  Fig.  7  and  8. 

Temperature  Cycling 

The  ribbons  were  subjected  to  six  complete  cycles 
between  -40  and  -(-70°C  and  at  the  conclusion  of 
the  temperature  cycling  the  temperature  was  taken 
down  to  the  limit  of  the  equipment,  -83°C,  and  a 
measurement  taken.  The  attenuation  increase  was 
maintained  within  the  project  target  of  0.1  dB/km.  It 
was  also  confirmed,  by  carefully  examining  the 
results,  that  the  inner  and  edge  fibres  behaved 
similarly.  See  Fig.  9,  10  and  1 1 . 

Microbending  sensitivity 

For  this  test  a  ribbon  was  passed  twice  between  two 
pieces  of  p50  grade  sandpaper.  A  reference 
measurement,  without  the  upper  sheet,  was  taken 
before  and  after  loading.  The  load  was  increased  in 
2  kg  steps  producing  the  attenuation  increases  for 
inner  and  edge  fibres  shown  in  Fig.  12. 

Macrobending  sensitivity 

Measurements  were  taken  with  the  ribbon  describing 
a  single  360°  loop  around  different  diameters  of 
mandrel.  The  increase  in  attenuation  for  both  the 
inner  and  edge  fibres  is  shown  in  Fig.  13. 

Torsion  sensitivity 

If  a  ribbon  is  too  sensitive  to  the  effects  of  rotation 
it  could  produce  unwelcome  attenuation  increases 
when  incorporated  into  certain  cable  designs.  This 
sensitivity  was  checked  by  taking  the  ribbon  through 
a  series  of  axial  rotations  and  noting  the  attenuation 
for  inner  and  edge  fibres  after  each  turn.  See  Fig.  1 4. 


DISTRIBUTION  OF  THE  ATTENUATION 

WAVELENGTH  1300  nm 
(total  650  measurements) 


Fibre  count 
200:  - 


Attenuation  (dB/km) 
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DISTRIBUTION  OF  THE  ATTENUATION 

WAVELENGTH  1550  nm 
(total  650  measurements) 


Fibre  Count 
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Fig.  8. 

MICROBENDING  TESTS 

Attenuation  change  dB 
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TEMPERATURE  CYCLING 
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Fig.  9. 

TEMPERATURE  CYCLING 

SECOND.  THIRD  AND  FOURTH  CYCLE 
Attenuation  (dB/km) 

0.4  ^ 

0  3‘  i 

■  i 

. 

0.2*  ..  ^ 

I 

0.1  ; 

’  I 

0'  ,  ,  .  .  ; 

•20  -70  -20  -40  *20  *70  *20  -50  *20  *80  *20  -SO  *20 

Temperature  (C  ) 

1300  nm  1550  nm 

Fig.  10. 


MACROBENDING  TESTS 

Attenuation  change  dB 
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TEMPERATURE  CYCLING 

FIFTH  AND  SiXTH  CYCLE 
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TORSION  TESTS 

Attenuation  change  dB 
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Fig.  14. 


Conclusion 

Extensive  testing  of  the  ribbons  made  using  this 
advanced  manufacturing  process  indicate  that  it  can 
now  be  utilized  to  produce  good  quality  ribbon  at  high 
speed.  The  applicator  is  versatile  and  can  produce 
ribbon  of  different  structures  including  both  edge 
bonded  and  encapsulated  designs  with  close 
tolerances. 

Using  the  most  recently  developed  ribbon  matrix 
material  it  has  been  found  that  encapsulated  ribbon, 
with  one  UV-curable  ink  and  two  layers  of  a  single 
matrix  material,  has  excellent  temperature  stability 
and  good  break-out  properties.  Different  material  is 
required  for  edge  bonded  structures. 
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SELF-SUPPORTING  OPTICAL  FIBRE  AERIAL  CABLE  WITH  LARGE 
ALLOWABLE  ELONGATION 


F.  Krahn,  N.  Lenge,  6.  Weckerle 


ANT  Nachrichtentechnik  GmbH 
Bosch  Telecom 
Backnang,  Germany 


Abstract 


Optical  fibre  aerial  cables  must  withstand  ice 
load,  wind  load  and  Karman  vibrations  without 
damage  and  without  any  increase  in  the  fibre 
attenuation.  If  the  cable  has  to  be  installed  in 
wooded  areas  there  is  a  risk  of  damage  by 
falling  trees.  For  minimizing  this  risk,  a  self- 
supporting  optical  fibre  aerial  cable  has  been 
developed  with  an  allowable  elongation  of  1.5% 
which,  together  with  a  special  suspension  tech¬ 
nique,  withstands  falling  trees  without  damage 
and  even  without  increase  in  attenuation,  and 
returns  automatically  to  its  original  position 
after  removal  of  the  fallen  tree.  This  special 
suspension  technique  is  based  on  the  fact  that 
at  pole  distances  of  about  50  m  a  roll-bearing 
is  used  at  each  pole,  allowing  bracing  fields  of 
about  1000  m  or  more. 


cal  cable  along  a  railway  track  of  the  Deutsche 
Bundesbahn  near  Karlsruhe.  This  concept  can  also 
be  applied  to  other  cable  types. 

Required  Cable  Elongation 

The  required  additional  cable  length  x,  needed 
in  the  case  of  a  falling  tree,  can  be  calculated 
according  to  the  following  equation; 

X  =  iFTP'  +  Vh^TTF  -  a  -  51^ 

where: 

a  is  the  pole  distance, 
f  the  cable  sag, 
h  the  height  of  suspension, 

1  the  distance  measured  from  one  of  two 
poles  where  the  tree  falls  (see  fig.l) 


Introduction 

Most  optical  fibre  cables  presently  installed 
are  either  direct  buried  or  in  ducts.  Although 
these  practices  are  the  most  expensive  ones, 
they  are  preferred  to  aerial  installations, 
since  the  probability  of  damage  to  the  aerial 
cable  is  higher  and  the  sight  of  aerial  cables 
between  buildings  is  often  disturbing.  Neverthe¬ 
less  aerial  cables  can  offer  advantages  with 
regard  to  installation  convenience,  costs  and 
time,  particularly  in  cases  where  support  struc¬ 
tures  already  exist,  for  example  along  railway 
tracks.  On  such  routes,  the  overhead  installa¬ 
tion  of  the  cable  is  the  obviously  best  solu¬ 
tion.  All  these  installation  advantages  are 
counterbalanced  by  other  factors  which  affect 
the  cable  usefulness.  Aerial  cables  have  to  be 
designed  to  offer  the  optical  fibres  sufficient 
support  to  withstand  the  stress  caused  during 
installation,  ice  load  and  wind  load  as  well  as 
protection  against  other  possible  damages.  In 
wooded  areas  there  are  two  main  factors  which 
can  damage  an  aerial  cable.  Firstly  shot-guns 
which  can  lead  to  sudden  fibre  breaks  or  long¬ 
term  failure  due  to  moisture  entrance.  Secondly 
falling  trees  which  can  also  cause  sudden  fibre 
breaks.  These  problems  are  very  serious  in  the 
case  of  data  transmission  for  passenger  trans¬ 
portation. 

This  paper  describes  the  basic  requirements  for 
the  cable  and  the  suspension  technique.  The  con¬ 
cept  has  been  applied  to  a  self-supporting  opti- 


Fig.1;  Geometrical  conditions 

Two  extreme  cases  must  be  considered.  In  the 
first  case,  the  tree  falls  in  the  middle  between 
the  two  poles.  In  the  second  case,  the  tree 
falls  in  the  direct  vicinity  of  a  pole. 

Assuming  a  sag  of  1%  of  the  pole  distance  at  a 
temperature  of  -G^C,  the  additional  cable  length 
required  for  case  1  is  as  represented  in  fi¬ 
gure  2,  that  for  case  2  is  as  shown  in  figure  3. 

Even  in  case  1  a  cable  elongation  between  0.5% 
and  39%  depending  on  the  pole  distance  and 
heigth  of  suspension  will  occur.  This  is  too 
much  for  an  optical  fibre  cable. 
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For  this  reason,  a  special  suspension  technique 
is  absolutely  necessary.  This  problem  is  solved 
by  a  roll-suspension  technique.  This  technique 
allows  bracing  fields  of  1000  m  or  more  to  be 
realized.  Throughout  the  poles  between  the  two 
bracing  poles  the  cable  recline  on  suspension 
rolls  as  shown  in  fig.  4. 
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Fig.  2:  Necessary  additional  cable  length 
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Fig.  3;  Necessary  additional  cable  length 


Fig.  4:  Roll -suspension  technique 


In  the  case  of  a  falling  tree,  two  factors  can 
contribute  to  the  required  additional  cable 
length;  the  reduction  of  the  sag  between  the 
individual  poles  within  the  bracing  field  and 
the  cable  elongation. 

The  part  resulting  from  the  reduction  of  the  sag 
can  be  neglected.  If  we  assume  a  bracing  field 
of  1000  m  with  an  average  pole  distance  of 
a  =  50  m  and  a  sag  of  U  (f  =  0.5  m),  this 
amounts  to  only: 


Thus,  the  total  additional  cable  length  must 
result  from  the  cable  elongation. 

Using  the  described  suspension  technique,  the 
cable  elongation  for  example  of  39%  can  be  re¬ 
duced  to  only  0.8%.  Generally  not  the  easiest, 
but  the  worst  case  must  be  considered.  Thanks  to 
this  suspension  technique,  the  cable  elongation 
required  in  case  2  at  the  defined  bracing  fields 
and  a  suspension  height  of  9.6  m  is  only  1.0%  to 
1.2%  as  shown  in  fig.  5. 


A  further  great  advantage  of  this  suspension 
technique  is  the  fact  that  there  will  be  no  v^r 
tical  forces  on  the  pole,  neither  during  in¬ 
stallation,  nor  in  service  or  in  the  case  of  a 
crash.  There  are  only  forces  in  the  direction  of 
the  pole.  Of  course,  this  does  not  apply  to  the 
bracing  poles. 

Cable  Design 


Core 


As  Shown  in  fig.  6  the  fibres  are  located  in 
loose  tubes  which  are  stranded  around  a  central 
member  consisting  of  copper  wires  or  polyethy¬ 
lene  including  glass  yarns.  The  tube  dimensions 
and  the  stranding  pitch  have  been  selected  so 
that  a  cable  elongation  of  up  to  1.5%  will  be 
permissible.  Up  to  this  strain  the  fibre  will 
be  isolated  from  mechanical  load.  Furthermore 
the  design  ensures  that  the  optical  r.c.es  are 
well  protected  against  lateral  forces. 
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Central  element 
Stranded  elements 
PE-sheath 
Strength  elements 
PEHacket 


Fig.  6:  Cable  cross-section 


Jacket  and  Strength  Members 

A  low-density  polyethylene  inner  sheath  is  ap¬ 
plied  over  the  cable  core.  Around  this  sheath 
the  strength  members  are  applied  in  two  layers 
alternating  in  direction  and  preventing  cable 
torsion.  Over  the  last  layer  an  adhesive  com¬ 
pound  is  applied  to  bond  the  strength  members  to 
the  surrounding  jacket.  This  bond  will  improve 
the  tension  behaviour  of  the  cable.  Without  such 
a  bond  jacket  slippage  or  tearing  could  result. 
The  outer  diameter  of  the  cable  is  19  mm. 

The  strength  members  must  have  a  Hooke's  region 
of  greater  2.0%,  because  a  falling  tree  can 
cause  cable  bends  with  a  minimum  diameter  of 
800  mm.  Thus,  the  strength  members  at  the  outer 
side  of  the  cable  bend  are  additionally  stres¬ 
sed.  The  resulting  elongation  is  about  1%,  to¬ 
gether  with  a  worst-case  cable  elongation  of  1% 
this  leads  to  a  total  elongation  of  more  than 
2%. 

The  material  used  for  the  strength  members  is 
aramid.  Aramid  has  the  advantage  of  prevent¬ 
ing  a  cable  from  being  damaged  by  shot-guns 
firing  from  a  distance  of  at  least  20  m. 

Tests  were  carried  out  with  caliber  12/70  and 
pellet  sizes  of  2.5  mm,  3.0  mm  and  3.5  mm. 


5  1C  15  *1  25 

TENSION  UNi 


Fig.  7;  Tensile  performance 


Results 

The  elongation  and  temperature  behaviour  of  the 
cable  is  shown  in  fig.  7  and  8. 


Change  in  attenuation  at  1310niri 


+20  iO  -20  -AO  +60  +20  lO  -20  -AO  +60 
TEMPERATURE  I'C] 


+20 


Fig.  8:  Temperature  behaviour 

Further  tests  carried  out  are  summarized  in 
table  1. 


Table  1 


Tensile  test  HEC  794-1-E1) 

Fibre  strain  at  a  cable 
elongation  of  1.5% 
Attenuation  change  at  a 
cable  elongation  of  1.5% 

0.0% 

<  0.1  dB/IOOm 

Breaking  elongation  (lEC  794- 
1-El) 

2.7% 

Cable  bending  (lEC  794-1-Ell) 
Attenuation  change 

<  0.1  dB 

Result  of  shot  damage  down 
to  a  distance  of  20  m 

no  damage 
of  strength 
members 

Crash  test  (lEC  794-1-E3)  3300N 

<  0.1  dB 

Impact  test  (lEC  794-l-t4) 

100  impacts,  0.5  Nm,  20°C 
100  impacts,  0.5  Nm,  -40°C 

no  fib.  break 
no  fib.  break 

Repeated  bending  (lEC  /94-1-E5) 
10000  cycles 

no  fib.  break 

Vibration  test  (11  000  000 
vibrations,  frequency:  15  Hz, 
ampl itude:  +  6  mm) 

no  change  in  ' 
attenuation 

Field  Testing 


The  results  of  field  testing  are  shown  in 
fig.  9.  The  following  parameters  were  measured 
from  05.  Dez.  90  to  15.  March  91: 
attenuation  at  1310  nm,  temperature,  cable 
strength  and  wind  velocity. 
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Fig.  9:  Field  testing  results 


Conclusion 

The  field  tests  performed  have  shown  that  the 
described  self-supporting  optical  fibre  cable  is 
appropriate  for  beeing  installed  along  railway 
tracks.  Neither  climatic  conditions  such  as  tem¬ 
perature,  ice  or  wind  nor  a  falling  tree  can  in¬ 
fluence  the  optical  behaviour  in  any  way.  The 
chosen  roll-suspension  technique  permits  an  easy 
installation  and  avoids  problems  during  service. 
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THE  DEVELOPMENT  AND  TESTING  OF  AN  EPOXILESS  FIBER  OPTIC  CONNECTING  SYSTEM 


Nicholas  A.  Lee 
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Abstract 

This  paper  describes  the  development  and  testing 
of  a  hot  melt  adhesive  based  fiber  optic  connect¬ 
ing  system.  This  system  offers  several  distinct 
advantages  over  previous  epoxy  based  systems  in 
the  areas  of  installation  time  and  ease  of  use. 
Critical  developmental  parameters,  as  well  as  the 
testing  used  to  track  those  parameters,  will  be 
discussed.  Additional  system-level  testing,  per¬ 
formed  both  before  and  after  product  release  will 
also  be  presented. 


Introduction 

As  early  as  1987,  3M  researchers  foresaw  the  need 
for  a  fast,  easily  field  installable,  multimode 
fiber  optic  connector  for  use  in  the  indoor  local 
area  network  (LAN)  environment.  Perception  of 
this  need  was  based  on  several  key  characteristics 
of  the  fiber  optic  LAN  environment,  including  high 
interconnection  density,  diverse  installer  exper¬ 
tise,  and  increased  sensitivity  to  installed  cost. 

A  connectorization  system  which  offered  fast,  user 
friendly  installation  would  provide  an  excellent 
match  to  all  of  these  characteristics. 

Preliminary  examinations  indicated  that  the  larg¬ 
est  impediment  to  ease  of  use  was  the  epoxy  adhes¬ 
ive  used  to  affix  the  connector  to  the  cable.  The 
time  and  effort  required  to  meter,  mix,  dispense, 
apply,  and  cure  the  epoxy  was  prohibitive.  There¬ 
fore,  a  program  was  launched  to  develop  a  high  per¬ 
formance  hot  melt  adhesive  to  replace  epoxy  in 
field  installable  multimode  connectors. 

Adhesive  Development 

Hot  Melt  Advantages^ 

Hot  melt  adhesives  provide  clear  advantages  over 
epoxy  adhesives  for  use  in  field  terminating  fiber 
optic  connectors.  These  advantages  include: 

1 .  Unlimited  Shelf  Life.  Because  a  hot  melt  ad¬ 
hesive  is  a  stable,  chemically  inactive  thermo¬ 
plastic,  its  characteristics  are  stable  over 
time . 

2.  No  Mixing.  A  hot  melt  adhesive  is  a  single 
component  system. 


3.  Unlimited  Pot  Life.  A  hot  melt  adhesive  is 
activated  for  use  (melted)  by  raising  its 
temperature  to  a  predefined  level.  Should  the 
adhesive  cool,  it  can  be  reactivated  by  raising 
its  temperature  again. 

4.  Short  Cure  Time.  "Cure"  is  actually  a  misnomer 
when  discussing  a  hot  melt  adhesive.  The  ad¬ 
hesive  regains  its  solid  characteristics  as 
soon  as  it  returns  to  room  temperature.  Thus, 
"curing"  is  just  "cooling." 

5.  Connector  Preloading.  since  a  hot  melt  adhes¬ 
ive  can  be  melted  then  cooled  to  its  solid 
state  several  times  without  affecting  its  phys¬ 
ical  properties,  it  can  be  injected  as  a  liquid 
into  a  fiber  optic  connector  and  allowed  to 
cool  within  the  connector.  The  connector  can 
then  be  packaged  and  stored,  awaiting  the  time 
when  it  can  be  installed  by  simply  heating  the 
entire  connector  to  the  appropriate  temperature 
and  inserting  the  optical  fiber  through  the  re¬ 
liquified  adhesive. 

Critical  Parameters^ 

Although  the  aforementioned  advantages  are  true  for 
all  hot  melt  adhesives,  not  all  hot  melt  adhesives 
can  be  successfully  used  to  terminate  fiber  optic 
connectors.  Several  key  parameters  must  be  specif¬ 
ically  tailored  in  order  to  ensure  success.  These 
include : 

1.  Bare  Fiber  Adhesion.  The  adhesive  must  bond 
the  optical  fiber  securely  to  the  connector  to 
ensure  that  the  fiber  does  not  slide  relative 
to  the  connector,  thereby  degrading  the  optical 
performance . 

2.  Adhesive  Hardness.  In  its  solid  state,  the  ad¬ 
hesive  must  be  quite  hard.  High  hardness  ena¬ 
bles  the  adhesive  to  wear  away  cleanly,  while 
supporting  the  optical  fiber  during  the  connec¬ 
tor  polishing  process. 

3.  Adhesive  Viscosity.  At  its  installation  tem¬ 
perature,  the  adhesive's  viscosity  must  be  low 
enough  to  permit  easy  insertion  of  the  optical 
fiber  into  the  connector. 

4.  Cable  Retention.  The  adhesive  must  bond  the 
connector  firmly  to  the  fiber  optic  cable. 

5.  Temperature  Cycling  Range.  The  adhesive  must 
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provide  stable  optical  performance  over  a  pre¬ 
determined  temperature  range. 


properties  of  the  hot  melt  adhesive  bonding  the 
fiber  to  the  connector  can  minimize  this  variation. 


Table  1  lists  each  of  these  five  parameters  along 
with  initial  requirements  and  results  achieved.  In 
each  case,  the  final  adhesive  formulation  met  or 


surpassed  the  initial  requirements.  In  the  case  of 
Cable  Retention,  the  specified  requirement  was 
achieved  without  the  need  to  crimp  the  connector  to 
the  cable.  Thus,  the  connectorization  process  was 
simplified  even  further. 

1800 

1600 

•c-  1400 

«  1200 

Hot  Melt  System  Paranwieni 

1000 

o 

Parameter 

Requirement 

Results  Achieved 

S  800 

jz 

Bare  Fiber  Adhesion 

>1000  psi.  Shear 

>1400  psi.  Shear 

^  600 
o> 

Adhesive  Hardness 

>65  Shore  D 

68  Shore  D  @  22‘  C. 

n 

^  400 

Adhesive  Viscosity 

<5000  cp  <3)  W  C. 

12'0  cp  @  200-  C. 

200 

Cable  Retention 

20  lb.  (aspcrElAFOTP-6) 

20  lb.  (as  per  ELA  1017.6) 

0 

Temperature  Cycling 
Range 

-40*  to  60*  C. 

.40'  to  60‘  C. 

Hot  Melt  Fiber  Adhesion 

cpenmenlal  Production 

Jhesive  Adhesive 


Minimum  Acceptable 
Sheaf  Strength 


Commeroal 
Hot  Melts 


Table  1 


Developmental  Testing 

Each  of  the  five  parameters  listed  in  Table  1  was 
tested  repeatedly  over  the  course  of  the  develop¬ 
ment  effort.  Of  the  five,  Bare  Fiber  Adhesion  and 
Temperature  Cycling  Range  proved  most  challenging 
to  achieve.  These  two  tests  will  be  discussed  in 
detail . 

Bare  Fiber  Adhesion 

In  order  for  a  fiber  optic  connector  to  provide 
stable  performance,  it  must  maintain  a  rigid  grasp 
on  the  optical  fiber  it  contains.  Any  pistoning  of 
the  fiber  within  th“  cor^e- tc-  will  result  if.  fluc- 
tiia'.ifh  pc-  I'  ' t.  i-.s;  ic.'-i.ii  at. ft  lay  ev-jti  da-i’a^a  or 
.-’.e  tcoy  ’he  oplic:.l  'hus,  it  is  criti- 

v-aily  impoiuaiit  tnat  any  means  used  to  secure  the 
fiber  to  the  connector  be  able  to  resist  the  shear 
forces  that  fiber  pistoning  applies. 

As  indicated  in  Table  1,  one  requirement  for  the 
hot  melt  adhesive  was  the  ability  to  resist  shear 
stress  up  to  at  least  1000  psi.  Initial  testing 
using  commercially  available  hot  melt  adhesives 
failed  to  reach  even  250  psi.  Figure  1  shows  a 
chronological  listing  of  selejted  shear  stress 
tests  performed  over  the  course  of  the  hot  melt 
program.  By  carefully  adjusting  the  formulation  of 
the  adhesive  to  lower  its  surface  energy,  thus  in¬ 
suring  uniform  wetting  of  the  fiber  surface,  shear 
stress  resistance  of  over  1400  psi  has  been  ob¬ 
tained  . 


Figure  2  illustrates  a  typical  temperature  cycling 
test  performed  using  a  preliminary  hot  melt  formu¬ 
lation  in  a  mated  pair  of  multimode,  keyed  bayonet 
style  connectors.  The  dashed,  saw-tooth  line  rep¬ 
resents  the  temperature  profile  the  sample  is  ex¬ 
periencing.  The  horizontal  line  represents  the 
optical  loss  level  the  sample  must  stay  above  to 
pass  the  test,  and  the  jagged  line  across  the  cen¬ 
ter  of  the  chart  represents  the  change  in  optical 
loss  experienced  by  the  sample  during  the  test. 
Clearly,  the  connectors  under  test  were  unable  to 
provide  the  desired  stability. 


ST  HTMLTB 


Temperature  Cycling  Range 

Since  the  various  components  of  a  fiber  optic  con¬ 
nector  have  differing  coefficients  of  thermal  ex¬ 
pansion  (CTE),  stress  will  be  induced  in  the  con¬ 
nector  and  the  fiber  it  contains  as  the  connector's 
temperature  changes.  Thus,  some  variation  in  opti¬ 
cal  power  transmission  is  bound  to  occur  during 
temperature  excursions.  Careful  tailoring  of  the 


Figure  2 

Figure  3  illustrates  a  typical  temperature  cycling 
test  performed  using  the  final  custom  hot  melt 
formulation.  There  are  two  noteworthy  changes  be¬ 
tween  this  test  and  the  test  illustrated  by  Figure 
2.  First,  the  test  measures  relative  optical  power 
(dB)  rather  than  absolute  optical  power  (dBm). 

This  simply  reflects  a  change  in  the  data  logging 
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software.  Second,  the  temperature  profile  has 
been  altered  slightly  in  order  to  conform  with 
Bellcore  TR-NWT-000326  requirements^.  Again,  the 
dashed,  saw-tooth  line  represents  the  temperature 
profile  the  sample  is  experiencing,  the  horizontal 
line  represents  the  optical  loss  level  the  sample 
must  stay  above  to  pass  the  test,  and  the  jagged 
line  across  the  center  of  the  chart  represents  the 
change  in  optical  loss  experienced  by  the  sample 
during  the  test.  The  connectors  under  test  exhibit 
excellent  stability,  indicating  that  the  hot  melt 
formulation  has  been  successfully  tailored  to  mini¬ 
mize  optical  power  fluctuation  during  temperature 
cycling. 


PRODUCTION  RDH.  *2 


0  24  48 

T I  fr  (Hours) 


Figure  3 


and  was  released  commercially  in  the  fall  of  1990. 

Extended  Testing 

After  commercial  release  of  the  hot  melt  connector 
system,  additional  testing  was  performed  to  address 
specific  customer  needs  and  provide  additional  data 
on  performance  of  the  system  under  extreme  condi¬ 
tions.  An  example  of  this  testing  is  a  high  tem¬ 
perature  unmate/remate  test  performed  in  March, 
1991. 

The  purpose  of  this  test  was  to  characterize  the 
performance  of  the  hot  melt  connector  when  it  was 
remated  after  extended  exposure  to  elevated  temper¬ 
ature  in  the  unmated  cond'tion.  The  test  was  per¬ 
formed  by  first  subjecting  the  mated  connector  to 
two  cycles  of  -40  degrees  C  to  60  degrees  C  temper¬ 
ature  cycling  to  establish  a  performance  baseline, 
next  unmating  the  connector  at  room  temperature , 
reheating  the  unmated  connector  to  high  temperature 
(60  degrees  C) ,  holding  the  connector  at  that  tem¬ 
perature  for  90  minutes,  and  finally  remating  the 
connector.  Any  pistoning  of  the  fiber  within  the 
connector  during  any  part  of  the  test  would  have 
been  evident  as  a  significant  increase  in  optical 
loss. 

Figure  4  illustrates  the  unmate/remate  test  de¬ 
scribed  above.  The  point  of  interest  in  this  fig¬ 
ure  is  the  return  of  the  optical  power  value  to 
within  0.02  dB  of  its  original  value  after  the  con¬ 
nector  was  remated.  This  indicates  that  the  fiber 
remained  rigidly  fixed  within  the  connector  during 
the  test  and  did  not  undergo  catastrophic  piston¬ 
ing.  Tests  of  this  nature  serve  to  reinforce  more 
conventional  test  results  and  promote  a  sense  of 
confidence  in  the  hot  melt  connector  system. 


Pre-release  Testing 


Although  the  critical  parameters  outlined  in  the 
development  program  had  been  satisfied,  a  wide 
variety  of  additional  testing  was  required  before 
the  hot  melt  connector  system  could  be  released 
commercially.  Table  2  lists  these  tests  as  well  as 
the  standards  on  which  they  were  based. 


Test 

Environmental  Tests- 

Initial  Insertion  Loss, 
High  Humidity  Aging, 
Thermal  Shock, 
Temperature  Cycling. 


Reference 

EIA  RS  455  FOTP  171 
EIA  RS  455  FOTP  5 
EIA  RS  455  FOTP  3 
Bellcore  Profile^,  10  Cycles, 
-40'C  to  60'C 


Physical  Integrity  Tests- 
Cyclic  Rex, 

Twist, 

Mating  Durability, 
Cable  Retention, 
Impact. 


EIA  RS  455  FOTP  1 
EIA  RS  455  FOTP  36 
EIA  RS  455  FOTP  21 
EIA  RS  455  FOTP  6 
EIA  RS  455  FOTP  2 


Hot  Melt  Connector 

Reconnection  at  60  Deg.  C. 


0.3  dB  Loss  Limit 

Figure  4 


Conclusions 


Table  2 

A  detailed  explanation  of  all  the  pre-release  test¬ 
ing  listed  in  Table  2  is  available  from  3M  as  a 
2 

technical  report.  In  brief,  the  hot  melt  connector 
system  passed  all  of  the  tests  listed  in  Table  2 


A  fast,  user  friendly  fiber  optic  connecting  system 
has  been  developed  base-  on  replacing  the  epoxy  ad¬ 
hesive  customarily  used  to  affix  the  fiber  into  the 
connector  with  a  specially  formulated  hot  melt  ad¬ 
hesive.  Using  this  system  can  reduce  the  time  re¬ 
quired  to  install  fiber  optic  connectors,  thereby 
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significantly  reducing  the  installed  cost.  Exten¬ 
sive  testing  has  been  conducted  which  thoroughly 
demonstrates  that  the  hot  melt  connecting  system  is 
effective,  reliable,  and  well  suited  for  use  in  LAN 
applications. 
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ABSTRACT 

Through  recent  improvements  in  network  analyzers,  it  is  now 
easier  to  measure  very  precisely  the  input  impedance  on 
balanced  cables  terminated  with  an  open  or  a  short  circuit.  The 
computer,  using  these  data,  enables  us  to  easily  calculate  the 
secondary  parameters:  characteristic  impedance  and  propaga¬ 
tion  constant. 

This  technique  has  been  utilized  to  calculate  these  parameters 
in  both  shielded  and  unshielded  cables  made  of  pairs  or  quads. 
The  results  are  discussed  comparing  the  calculations  with 
measured  results  in  the  frequency  range  of  50  kHz  to  20  MHz. 

A  comparison  is  made  with  those  obtained  through  the  use  of 
other  well  known  techniques.  Finally,  the  influence  of  cable 
length  on  this  measurement  has  been  studied  with  the  results 
reported  in  this  paper. 


I.  INTRODUCTION 

Today  there  is  an  increasing  use  of  balanced  cables  for  Lxxral 
Area  Networks  (LAN's)  operating  in  the  frequency  range  of  1 
MHz  to  16  MHz.  It  is  important  to  measure  precisely,  over  a 
wide  frequency  range,  the  performance  of  the  cable  for; 

A.  All  propagation  parameters 

B.  Cross  talk,  both  near  and  far  end 

C.  Susceptibility  to  Electromagnetic  Interference 


The  purpose  of  this  presentation  is  to  compare  the  results 
achieved  through  direct  measurement  and  with  those  from  our 
calculations  in  determining  both  primary  and  secondary  con¬ 
stants  fix  balanced  cables.  We  also  compared  our  technique  with 
recognized  procedures  for  evaluating  telecom  cables  up  to  1 
MHz.  The  last  point  developed  relates  to  the  influence  of  cable 
length  on  measurements  and  the  correlation  to  cable  structure. 

n.  DESCRIPTION  OF  THE  SET-UP 

The  equipment  used  in  our  analysis  consisted  of  a  network 
analyzer  manufactured  by  Hewlett-Packard,  Model  HP  4195. 


1 ;  Power  divider 

2;  Reflection-transmission  bridge 
3:  Impedance  transformer 


z. 


Figure  1  :  Set-up  description 


Our  work  has  focused  on  the  determination  of  the  secondary 
constants  of  balanced  cables,  based  on  the  measurement  of 
their  open  and  short  circuit  input  impedance.  While  this 
technique  is  well  known  for  the  measurement  of  characteristic 
impedance  ( 1 ),  our  effort  was  to  determine  the  components  of 
the  propagation  constant;  attenuation  and  phase  constant. 
Using  the  processing  capability  of  a  PC,  we  are  able  to  break 
down  these  two  components  into  the  primary  linear  cable 
parameters,  R,  L,  C,  and  G. 


This  equipment  has  a  direct  read-out  of  the  magnitude  and 
phase  of  an  impedance  load  connected  to  the  associated 
transmission-reflection  bridge.  The  complete  measurement 
technique  is  schematically  represented  in  Figure  I.  It  is 
completely  automated  through  the  computer  which  is  equipped 
with  a  plotter  for  a  print-out  of  the  results. 

The  frequency  range  of  the  set-up  is  fixed  by  the  band  width 
of  the  connected  equipment,  e.g.,  from  50  kHz  -  100  MHz 
however  only  the  range  50  kHz  -  20  MHz  was  explored  for 
this  paper. 
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The  calibration  procedure  was  conducted  on  the  assembled 
test  set-up  including  the  balanced/unbalanced  transformer 
utilizing  three  different  measurements;  open  circuit,  short 
circuit,  and  an  impedance  load  matching  the  characteristic 
impedance  of  the  transformer.  The  resultant  information  is 
then  stored  in  the  computer  memory  and  can  be  used  repeat¬ 
edly  without  deviation  in  the  validity  of  the  calibration. 

For  the  measurement  of  propagation  parameters  on  a  twisted 
pair,  we  connect  the  pair  to  the  transformer  and  measure  first 
the  complex  input  impedance  Z^when  the  other  end  is  loaded 
with  a  short  circuit  and  then  its  complex  input  imped¬ 
ance  Zj^when  the  other  end  is  an  open  circuit. 

These  test  results  are  then  stored  in  the  computer  memory. 

m.  CALCULATIONS  USING  Z^,  AMUZoc 

All  primary  and  secondary  cable  constants  are  calculated  from 
the  two  complex  impedances,  Zj^and  These  calculation 
procedures  are  well  known  (2)  but  have  been  repeated  here  for 
clarification  of  our  work. 


A.  Propagation  Parameters 

One  of  the  objectives  of  this  technology  is  to  determine  the 
characteristic  impedance  Zo  and  the  propagation  constant 
7  of  the  pair.  This  is  done  by  calculation  using  the  well 
known  relations: 

z:  =  vz:-  z: 

VZy 
zJk: 

where^  represents  the  length  of  the  cable  under  measure¬ 
ment.  Y  is  complex,  i.e.,  y  =  a  +  jp. 

with  a  =  real  part  of  y  representing  the  attenua¬ 

tion  of  the  pair. 

p  =  imaginary  part  of  y  representing  its 
phase  constant. 

j  =  the  complex  operator  for  which  j^=  - 1 . 


thus. 


1 

a  =  j 


[lan  h  '[V” 

in  NEPERS/meter 

[tan  h  [  \ 

^SC  -|1 

z*  ]J 

in  RADIANS/meter 


Where  Rg  designates  "Real  part  of  and  I,,, designates 
"Imaginary  part  of. 

The  propagation  velocity  v  is  also  determined  from  the 
relation: 


V  =  co/p 


where  ct»  =  2  7t  f  is  the  angular  frequency  (radians  per 
second)  for  the  frequency  f. 

*:  WHERE  Z*  IS  DEFINED  AS  THE  COMPLEX 
IMPEDANCE:  1 7  I  j0 
I  I  e 

B.  Primary  Parameters  of  a  Pair 

A  pair  is  characterized  by  its  linear  primary  parameters 
which  are: 


R  =  Resistance  (loop  value) 
L  =  Inductance 
C  =  Capacitance 
G  =  Conductance 


We  can  easily  calculate  the  primary  parameters  know¬ 
ing  the  secondary  parameters  Z^  and  y .  These  parameters 
are  associated  through  the  relations: 

Zo=  V  (R-t-JLw)  (G-t-jCto) 


and 


.  "v/  R+JLo)' 
G-t-jCo) 


The  extraction  of  R,  L,  G,  and  C  from  these  equations 
gives,  finally: 

R  =  Rg(Zo-y) 

^  ^m  Y) 

G  =  Re  [^] 

c=— I  [—1 

to'ml 


IV.  DYNAMIC  RANGE  OF  THIS  MEASUREMENT 
TKCHNIOUK 

After  the  calibration  performed  as  described  in  chapter  II,  we 
have  measured  several  capacitors  and  obtained  the  results 
present  in  Figure  2. 
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WKDANCf  IN  0 


FRCOUCNCV  IN  Hi 


Figure  2;  Capacitor  measurements 

a  b:  magnitude  and  phase  for  C,  =  32  pF 
c-d:  Cj 

e:  calculated  magnitude  of  impedance 
for  Cj: 

Nominal  Value  of  C;  =  1 00  nF 
Actual  Values  of  Cj  are: 

C  =  90.4  nF;  L  .  2.83  nH;  R  =.  25.7  mn 

For  C  =  32pf ,  we  have  measured  an  input  impedance  at  50  kHz 
of  lOOkn  which  is  in  very  good  agreement  with  the  calculated 
value.  For  higher  values  of  capacitors,  we  are  able  to  observe 
the  resonance  at  high  frequencies  when  the  impedance  due  to 
the  capacitive  contribution  is  very  small  and  the  inductive 
contribution  predominates. 

This  behavior  is  in  complete  accordance  with  the  calculated 
curve  obtained  with  the  series  equivalent  circuit  for  capacitors 
given  the  following  scheme: 


L  C  p, 


An  example  illustrated  by  Figure  2,  assuming  a  capacitor  of 
1 00  nf:  Curvec  is  the  measured  curve  and  curve  e  is  calculated 
with  C  =  90.4  nf;  L  =  2.83  nH;  and  R  =  25.7  mohms.  There  is 
a  very  close  correlation  over  the  entire  frequency  range. 

In  conclusion,  we  can  measure  input  impedance  from  a  value 
as  low  as  50  m£2  up  to  50  kfl. 


V.  COMPARISON  OF  MEASURED  DATA  AND 
THEORETICAL  CALCULATION 

A  large  number  of  balanced  cables  including  individually 
shielded  pairs  &  quads,  overall  shielded  and  unshielded  cores, 
have  been  measured  using  the  technique  described  in  this 
paper. 

All  of  the  results  are  plotted  for  the  frequency  range  50  kHz  to 
20  MHz  and  compared  with  calculated  values.  These  calcula¬ 
tions  are  based  on  the  precise  determination  of  the  primary 
parameters,  R,  L,  C,  and  G.  They  take  into  account  the 
proximity  effect  inside  the  pair  itself  as  well  as  the  influence 
of  other  conductors  near  the  pair  which  may  act  as  a  shield. 

The  most  difficult  task  is  to  determine  the  radius  of  this  shield 
which  is  assumed  to  be  cylindrical.  The  comparison  between 
calculated  and  measured  data  permits  us  the  precise  evalua¬ 
tion  of  this  parameter  for  a  given  structure. 

As  a  first  example,  we  focused  our  attention  on  cable  #1 
represented  schematically  in  Figure  3: 

1 

2  1  -  Copper  Conductor,  diameter  2a  =  0.5mm 

2  -  Foam  skin  Polyethylene  Insulation 
b=  1.8mm;  e,=  1.76 
5  3  -  Aluminum/Polyester  Tape 

4  4  -  Outer  PVC  Jacket 

The  length  of  the  sample  was  2S0m. 

I40uf*  3  C*b>*  1  ftrvetur» 

As  the  shield  is  very  close  to  the  pair,  we  have  taken  for  its 
diameter  2  a  2  =  3.4mm.  That  means  that  it  is  equivalent  to  a  tube 
with  a  smaller  diameter  than  the  outer  diameter  of  the  pair. 


Figure  4  :  Short-circuit  input  impedance  on  cable  1 
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Rgure  6  :  Cable  1  characteristic  impedance 


Figure  8;  Cable  1  propagation  phase  constant 
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Figures  4  to  12  show  the  comparison  between  measured  data 
(curve  M)  and  calculated  data  (curve  C)  for  input  impedance 
for  short  circuit  ,  input  impedance  for  open  circuit  Zgg, 
characteristic  imp^ance  Zq  ,  propagation  p,  attenuation  a, 
capacitance  C,  inductance  L,  resistance  R  and  conductance  G. 

The  agreement  between  curves  M  and  C  for  P  and  Zq  is 
excellent 

The  small  difference  for  capacitance  and  inductance  (1%  on 
C  value  and  2%  on  L  value)  could  be  explained  by  small 
variations  in  the  diameter  of  insulated  elements. 

The  main  difference  is  in  the  attenuation,  especially  above  1 00 
kHz  where  our  calculation  is  less  than  the  measured  result  by 
about  3  dB/km  up  to  20  MHz.  This  point  is  not  clearly 
understood  today,  it  could  be  due  to  the  shield  which  is  very 
close  to  the  pair  in  this  particular  structure.  Asa  consequence, 
the  predicted  maxima  and  minima  for  Z^  and  Z^  differ 
slightly  from  the  measured  values,  but  their  position  is  deter¬ 
mined  with  great  accuracy. 

Another  important  point  to  notice  is  the  small  oscillations 
around  the  mean  value  of  Zq  .  When  the  cable  structure  is  well 
defined  as  in  the  case  of  cable  #  1 ,  these  oscillations  are  mainly 
due  to  the  imprecision  in  the  phase  measurement  on  2^  and 
Zjc  around  0°  and  the  great  number  of  phase  rotations  when 
we  go  further  in  frequency.  It  looks  like  noise.  If  Gjc. 
0OC  represent  the  angle  of  Z and  Zoc  respectively,  then  the 
angle  of  Zo  (0o )  is  defined  as: 

00  =  1/2  (0SC+  0oc) 

so  it  is  the  sum  of  two  components  which  oscillates  around  0° 
with  a  large  imprecision  which  is  doubled  for  Zq  .  In  order  to 
avoid  this  phenomenon,  Zq  angle  could  be  smoothed.  This 
work  will  be  done  in  the  future. 

A  second  cable  (cable  #2)  without  shield  (Figure  13)  was 
retained  for  this  study  and  compared  with  this  theory. 


1  -  Copper  conductor,  diameter  2a  =  0.6mm 

2  -  PE  insulation;  diameter  b  =  0.96mm 
3 -PVC  jacket 


For  the  purpose  of  this  paper,  only  Zq  ,  a  and  p  have  been 
drawn  on  Figures  14  to  16  and  compared  with  theory. 


FIgum  14  :  Cable  2  characteristic  impedance 


Figure  15;  Cable  2  propagation  phase  constant 


now*  1 3  :  Cable  2  itructure 
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Figure  16  :  Cable  2  attenuatiorr 

The  phase  constant  is  also  very  well  predicted  assuming  a 
relative  permittivity  e  r  =  2.6.  The  jacket  was  pressure 
extruded  and  a  small  quantity  of  PVC  fills  the  space  around  the 
pair,  modifying  the  dielectric  environment  and  explains  the 
higher  value  of  ej  found.  For  PE  (e^  =  2.34). 

The  attenuation  curve  (Figure  15)  is  calculated  in  the  case  of 
an  unshielded  cable.  It  takes  into  account  the  radiated  losses. 
We  assume  that  they  act  as  a  resistance  and  this  contribution 
is  proportional  to  the  frequency.  The  proportionality  constant 
is  then  adjusted  by  trial  and  error  and  we  have  to  determine  in 
the  future  the  correlation  between  this  parameter  and  the  cable 
structure  which  is  not  known  today. 

Z^,  curve  is  somewhat  more  difficult  to  interpret:  cable  #1  has 
been  designed  for  telecommunication  at  voice  frequency  and 
not  for  high  frequency  transmission.  The  predicted  behavior 
is  quite  good,  but  very  strong  variations  modify  the  measured 
curve  at  high  frequencies. 

As  no  special  care  has  been  exercised  for  the  production  of  the 
twisted  pairs,  these  variations  could  be  correlated  to  impreci¬ 
sion  and  imperfections  occuring  during  the  fabrication.  This 
technique  is  therefore  valuable  to  the  cable  manufacturer 
because  it  may  be  used  to  monitor  the  production  and  to  spot 
opportunities  to  improve  product  quality. 


Zf,,  a  and  p  curves  are  plotted  on  Figures  18  to  20.  P  matches 
the  calculation  as  closely  as  for  cable  #  1  and  #2.  The  measured 
impedance  shows  little  variations  around  its  average  value. 
These  could  be  attributed  to  lack  of  homogeneity  encountered 
in  the  quad  fabrication  process.  For  attenuation  a  difference  of 
about  3  dB/km  is  also  observed  between  1  MHt  and  20  MHz, 
starting  about  50  kHz. 


|Z,|  (ohm) 


rgCQUCNCY  IN  HM2 


F»gur»  18  :  Cable  3  characteristic  impedance 


8  Cr»d/'km) 


A  third  cable  (cable  #3)  is  also  studied  here.  It  is  made  with  2 

quads  as  illustrated  on  Figure  17  and  has  an  overall  shield.  Figure  19:  Cable  3  propagation  phase  constant 


^  1 .  Copper  conductor;  radius  2a  =  0.6mm 

3  2.  Foam  skin  PE  insulation 

4  diameter  b  =  1.2mm;  e^  =  1.72 

3.  Aluminum  /  Polyester  shield 

4.  Halogen  free  jacket 

Ftgur*  17  3  sfructu'* 
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Rtt«nu*tlon  (dB/km) 


Figure  20  :  Cable  3  attenuation 

In  conclusion,  this  measurement  technique  provides  very 
reliable  results  on  the  primary  and  secondary  parameters  of 
shielded  or  unshielded  pairs  or  quads.  This  behavior  is  well 
predicted  by  calculation  except  for  attenuation  of  shielded 
cable  where  we  have  to  analyze  more  thoroughly  the  effect  of 
the  physical  structure  of  these  cables  in  order  to  explain  the 
difference  observed  here. 

VI.  m£LU.EMC£.QE.Lmfim 

This  study  has  taken  into  account  the  influence  of  the  length 
of  the  same  cable  (#1)  on  the  results  given  by  the  Zqc  .  and 
Zjc  technique.  The  lengths  used  for  this  purpose  vary  from 
10m  to  1000m  and  for  clarity,  we  present  here  only  Z^,  and  a 
on  Figures  21  &  22.  There  are  nodifferences  in  the  attenuation 
curves  of  the  entire  frequency  range  except  for  the  curve  #4 
(length  1  =  l(XX)m)  where  the  dynamic  range  of  our  set-up  is 
insufficient  for  precise  measurement  above  1  mHz. 


|Z,|  (ohm) 


Rgurs  21  :  Influence  of  the  cable  1  length  or  Z© 

a  =  1 000  m  :  b  =  500  m  ;  c  =  250  m  ;  d  =  1 25  m 
e=  94m:f  =  62m;g=  10m 


Figure  22  :  Influence  of  cable  1  length  on  attenuation 

a=  10m;b=  94m;c=  500  m  ;  d  =  1 000  m 


In  case  of  Z© ,  all  the  curves  have  the  identical  average  value. 
Only  small  oscillations  appear  and  they  start  at  lower  frequen¬ 
cies  as  the  length  increases.  As  seen  earlier,  they  are  mainly 
due  to  imprecisions  in  the  phase  measurement  of  Z^and  Zg^. 

In  conclusion,  for  a  well  defined  structure,  Z^  and  yobtained 
with  the  Zjc ,  technique  are  independent  of  cable  length. 


572  International  Wire  &  Cable  Symposium  Proceedings  1991 


VII.  COMPARISON  WITH  OTHER 
MEASUREMENT  TECHNIQUES 

Capacitance  is  an  important  parameter  specified  at  800  Hz  on 
telecom  cables.  We  can  see  in  Table  I  that  this  value  is  in 
complete  agreement  with  the  average  value  obtained  by  our 
new  method  and  also  with  the  calculated  one. 

TABLE  I 


We  can  see  from  Figure  24  that  for  a  length  of  lOOOrr*,  the 
curve  obtained  with  this  technique  is  the  same  as  measured  by 
the  Zsc,  Zoc  technique.  Above  10  MHz  the  measurement  is  in 
error  because  it  is  outside  the  dynamic  range  of  the  network 
analyzer. 


flttanuttion  ( ) 


CAPACITANCE  C 


Measured  by  a  Cap 
Bridge  @  8(X)  Hz 

Zsc-^oc 

Technique 

CABLE #1 

35.3  pf/m 

35.0  pf/m 

CABLE  H2 

35.0  pf/m 

35.3  pf/m 

CABLE  #3 

70.8  pf/m 

68.0  pf/m 

TABLE  11 

CHARACTERISTIC  IMPEDANCE.  |  Z.|  FOR  CABLE  #1 


FREQUENCY 

50  kHz 

100 

kHz 

500 

kHz 

1  MHz 

R,L.C,GBRIDGEONA 
CABLE  LENGTH  OF  10m 

1730 

1550 

1370 

1330 

Zsc  •  Zoc  technique  ON  A 
CABLE  LENGTH  OF  10m 

1730 

1560 

1370 

1330 

Zsc.  Zqc TECHNIQUE  ON  A 
CABLE  LENGTH  OF  250m 

1720 

1540 

1370 

1350 

Until  recently,  we  have  measured  characteristic  impedance 
with  R,  L,  G,  and  C  bridges  on  very  short  lengths  (typically 
about  10m)  and  for  frequencies  below  1  MHz.  We  have  also 
reported  in  Table  1  the  two  different  values  of  Z^,  for  the  cable 
#1  for  several  frequencies  in  the  range  50  kHz  -  1  MHz,  that 
are  similar  within  1%. 

The  last  comparison  made  is  relative  to  the  attenuation.  It  is 
normally  measured  by  the  insertion  loss  technique  meaning 
that  the  cable  is  put  between  two  impedance  matching  trans¬ 
formers  as  represented  in  Figure  23. 


2  ImoManca  transformar 

Figura  23  insartton  tachniqua  dascrtptton  (or  artanuation  maaSuramaoT 


Figure  24  ;  Comparison  between  attenuation  measured  by  the 
insertion  technique  (curve  a)  and  by  Zsc-Zoc 
technique  (curve  b)  ;  cable  1  length  =  1 000  m 


If  we  look  to  the  next  figure  {Figure  24bis)  for  the  same  cable 
with  a  length  of  62  m,  the  twocurves  differ  slightly  in  the  range 
50  kHz-  1  MHz. 


j  Rttanuatton  tdB/'km) 


Figure  24bl8  :  Comparison  between  attenuation  measured  by 
the  insertion  technique  (curve  a)  and  by  Zsc-Zqc 
technique  (curve  b)  ;  cable  1  length  -  62  m 
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This  length  is  very  small  compared  with  the  wavelength  of  a 
100  kHz  signal  (X  =  2250  m  for  a  propagation  velocity  of  75% 
of  light)  and  we  have  to  take  care  of  the  practical  configuration 
of  the  set-up  in  this  case.  An  equivalent  circuit  could  be 
represented  as  in  Figure  25. 


R 

i-AAA/V 


Vo 

/777? 


Z. 


I 


Vu 


m 


Figure  25  :  Low  frequency  equivalent  circuit 


R  is  the  resistance  of  one  conductor  on  the  length  1  of  cable 
and  ZlIs  the  impedance  of  the  transformer.  With  this  simple 
scheme,  the  attenuation:  Y 

a  =  20  log 

’o 

•  u  ■  z, 

IS  then  written  as:  a  =  20  log  (dB) 

The  calculation  has  been  done  for  cable  #1  at  10  kHz  for 
several  lengths  from  62  m  to  1 000  m.  Table  III  summarizes  the 
results  and  Figure  26  shows  the  influence  of  the  length  on  the 
attenuation  measurement  made  with  the  insertion  loss  tech¬ 
nique  (the  expected  value  on  this  cable  at  10  kHz  calculated  in 
the  case  of  an  infinite  length  is  3.81  dB/km. 


Attenuation  (dB/km) 


Figure  26  ;  Influence  of  cable  1  length  on  attenuation  measured 
by  insertion  technique 

a=62m;b  =  94m;c=  125m;d  =  250  m 
e  -  500  m 


They  are  in  complete  accord  with  the  prediction  which  means: 

A.  a  for  low  frequency  is  determined  by  the  continu¬ 
ous  equivalent  circuit. 

B.  For  frequencies  above  1  MHz,  if  the  length  of 
cable  is  always  greater  than  X/10,  the  results  given 
by  the  insertion  loss  technique  and  the  Zqc 
technique  are  the  same. 

C.  Between  10  kHz  and  1  MHz,  the  length  influences 
the  attenuation  of  the  cable  measured  by  the  inser¬ 
tion  loss  technique. 


TABLE  III 

TRANSFORMER  IMPEDANCE  Z^  =  1240 


LENGTH (m) 

CONTINUOUS 

RESISTANCE 

IN  n  OF  ONE 
CDR  (RADIUS) 

=  0.25  mm 

|a’l(dB) 

MEASURED 
ATTENUATION 
@  10  kHz 

FOR  THE 
LENGTH  1  (dB) 

62 

5.43 

0.372 

0.371 

94 

8.23 

0.558 

0.555 

125 

10.90 

0.734 

0.735 

250 

21.90 

1.410 

1.410 

500 

43.80 

2.630 

2.600 

1000 

87.50 

4.640 

4.600 

a|=201og[^] 


CONCLUSION 

We  have  demonstrated  that  measurements  of  input  impedance 
on  twisted  pairs  or  quads  terminated  respectively  with  a  short 
or  an  open  circuit  are  now  very  easy  to  obtain  and  produce 
precise  values. 

The  two  parameters,  Z^  and  Z^care  .sufficient  to  characterize 
totally  all  of  the  propagation  parameters  of  the  balanced  pair 
and  yield  by  calculation  with  great  accuracy  the  secondary 
constants  Z  o  and  yas  well  as  primary  constants,  R,  L,  C,  and 
G.  The  time  needed  for  this  operation  is  very  short  and  proves 
that  the  technique  described  in  this  paper  is  suitable  for 
proHi'ction  cable  testing.  We  are  now  working  on  the  com¬ 
plete  integration  of  this  technique  in  an  automated  set-up 
which  can  address  multiple  pairs  or  quads. 

This  will  be  designed  for  measurements  in  the  frequency 
range  up  to  20  MHz.  A  further  step  in  our  research  laboratory 
is  to  evaluate  this  technique  for  frequencies  as  high  as  125 
MHz  needed  for  a  CDDI  network  using  copper  cables. 
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AN  ASSESSMENT  OF  MEASUREMENT  ERROR  ASSOCIATED  WITH  CLIP-ON  POWER 
METERS  ON  PRIMARY  COATED  FIBRE 

D  A  Ferguson,  S  M  James,  D  Drouet,  S  M  Dennis 

BT  Labs,  Martlesham  Heath,  Ipswich,  Suffolk,  IPS  7RE,  UK 


I,  ABSTRACT 

Clip-on  Optical  Power  Meters'  have  been  developed  for  use  in 
BT’s  Local  Loop  Optical  Fibre  TriaP  (LLOFT).  These  devices, 
which  clip-on  to  primary  coated  single-mode  fibre,  offer  an 
alternative  to  conventional  end  on  power  measurements  by 
measuring  the  signal  which  escapes  from  a  small  bend 
enforced  in  the  fibre.  This  measurement  technique  provides 
non-intrusive  live  fibre  maintenance,  allowing  the  optical 
loss  of  the  fibre  network  to  be  monitored  without  disruption  to 
customer  services. 

The  accuracy  of  these  devices  is  compromised  by  the 
variability  of  certain  fibre  characteristics.  Although  this  fibre 
dependent  error  can  be  eliminated  by  calibrating  the  fibre 
network  during  installation,  it  is  important  that  it  is  reliably 
quantified  so  that  the  feasibility  of  clip-on  maintenance  of 
uncoMbrated  fibre  networks  can  be  assessed. 

In  this  poster  clip-on  power  meter  measurements  of  oloured 
and  uncoloured  fibres  are  used  to  analyse  errors  due  to  bend 
loss  performance  and  diversity  of  primary  coatings.  Further 
measurements  are  carried  out  using  a  clip-on  test-bed, 
providing  a  more  accurate  assessment  of  the  error  due  to 
primary  coating  variability. 


2.  CLIP-ON  OPTICAL  POWER  METER 

•  Hand  held  Optical  Power  Meter  (figure  1). 

•  Clips  on  to  fibre  to  measure  optical  power  extracted  from 
small  bend. 

•  two  types:  intrusive  and  non-intrusive  (figure  2). 

•  Non-intrusive  head  has  small  insertion  loss  -  allows 
measurements  on  live  fibre  without  disruption  to  customer. 

•  Intrusive  head  has  high  insertion  loss  -  not  suitable  for  use 
on  fibre  carrying  traffic,  but  is  insensitive  to  fibre  bend 
loss  variation. 

•  can  be  used  on  optical  networks  such  as  the  passive  optical 
networks  in  BT’s  LLOFT  trial  in  the  UK^  for  point  to  point 
loss  measurements,  fibre  splitter  performance  verification 
and  fibre  fault  diagnosis. 


Figure  1.  Clip-on  optical  power  meter 


Nim-indusive  Clip-On  llrnil 


Inlrusivn  (.'lip. On  IP-nd 


I  iniiM  c  rii|,  „n  I',,,,,.,  \i,.t,.,  ;ii  n,  .,,K 
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Intrusive 
power  meter 

Non-intrusive 
power  meter 

0  dBm  to  -45  dBm 

0  dBm  to  -45  dBm 

PSHH 

1300  nm,  1520  nm 

1575  nm 

Insertion  loss 

>20dB 

S2dB 

Device 

accuracy* 

±  0.2  dB 

±  0.2  dB 

*  on  calibrated  fibre 


Table  1.  Clip-On  Power  Meter  Performance 


3.  CLIP-ON  MEASUREMENT  ACCURACY 

Although  repeated  measurements  at  one  position  on  a  fibre 
(table  1)  are  reproducible  to  within  ±  0.2  dB  of  the  average  value 

(1  O),  an  additional  fibre  related  error  (±2dB)  is  introduced 
when  measuring  different  fibres.  For  the  purposes  of  the 
LLOFT  trial  this  error  is  compensated  by  calibrating  each 
fibre  with  a  calibration  number  k. 

k  =  Po-Pg 

where  Po  =  fibre  throughput  power 

Pg  =  Power  detected  by  waveguide 

k  combines  the  collection  efficiency  of  the  waveguide  with  the 
measurement  uncertainty  due  to  bend  loss  and  primary 
coating  variations  to  provide  the  true  throughput  power. 

This  approach  is  suitable  for  the  LLOFT  trial,  since  the  fibre 
count  is  relatively  low  and  well  controlled,  however  future 
PONs  are  unlikely  to  contain  calibrated  fibre  since  this 
practice  would  be  expensive. 


4.  ANALYSIS  OF  FIBRE  VARIATION 

It  is  important  to  understand  impact  on  clip-on  measurement 
accuracy  of  variation  in  the  fibre  bend  performance  and 
primary  coating  in  order  to  assess  the  feasibility  of  clip-on 
power  meters  as  a  fibre  maintenance  tool. 

4.1  Bend  Loss 

•  Varies  from  fibre  to  fibre  depending  on  fibre  wavelength 
cut-off  (Xc)  and  Mode  Field  Diameter  (MFD)  values.  The 
maximum  and  minimum  values  of  these  parameters  define 
the  specification  box  as  shown  in  fig  3.  The  Xc  and  MFD  values 
of  all  fibres  used  in  this  work  are  also  indicated  in  this 
diagram. 


E 

S  10  0 


il 


coloured  tbie 
uncoloured  fibre 


1150  1200  1250 

Cul-oll  wavelength  (nm) 


Fig  3.  Mode  Field  Diameter  and  Cut-off  Wavelengths 
of  fibre  samples 


4.1.1.  Measurements 

Five  uncoloured  fibres  (labelled  #1  -  #5  )  which  are  distributed 
across  the  extent  of  the  fibre  specification  box  have  been 
calibrated  for  both  intrusive  and  non-intrusive  clip-on 
measurements  (figure  4) 
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Figure  4.  Intrusive  and  non-intrusive  calibration  numbers 
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The  range  in  calibration  numbers  for  each  measurement  's 
shown  in  table  2. 


Clip-on  power  meter 

Calibration  number  range 

Intrusive 

±  0.25dB 

Non-intrusive 

±  1.50  dB 

Table  2 
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4.1.2  Conclusion 


4.2. 1.1  Analysis 


The  influence  of  fibre  bend  loss  performance  on  the  range  of 
calibration  numbers  is  small  for  inirusive  measurements,  but 
significantly  large  for  non-intrusive  measurements. 


4.2  Primary  coating  variations 

It  is  reasonable  to  anticipate  that  clip-on  measurements  may 
also  depend  on  the  nature  of  the  fibre’s  primary  coating, 
especially  if  the  fibre  is  coloured.  We  have  used  an  intrusive 
clip-on  power  meter,  which  we  have  already  shown  to  be 
relatively  independent  of  fibre  bend  loss  variation,  to  assess 
the  range  in  calibration  numbers  that  can  be  expected  as  a 
result  of  variations  in  the  primary  coating. 


4.2.1  Power  Meter  Measurements 

Eight  clear  and  eight  coloured  fibres  (UV  cured  inks)  have 
been  calibrated  using  an  intrusive  clip-on  power  meter.  The 
results  are  shown  in  figure  5. 


Fibre  samples  (bend  sensitive  ••••>  bend  insensitive) 


Fig  5.  Intrusive  power  meter  fibre  measurements. 


•  Average  of  100  measurements  at  one  point  on  each  fibre. 

•  Error  bars  =  ±  1  standard  deviation 


Measurements  on  the  samples  of  uncoloured  fibres  (fig  5)  show 
that  there  is  little  correlation  between  bend  loss  performance 
and  calibration  number  since: 

•  fibres  #1,  #3  and  #6  have  almost  identical  calibration 
numbers  despite  having  quite  different  bend  loss 
performances. 

•  fibre  pairs  #3  and  #7,  and  #4  and  fi8  have  quite  different 
calibration  numbers  despite  similarities  in  their  bend  loss 
performances. 

This  evidence  is  further  supported  by  measurements  on 
coloured  fibre  (fig  5).  Despite  having  similar  bend  loss 
performances,  indicated  by  their  position  in  the  specification 
box  (fig  3),  the  range  of  calibration  numbers  for  these  fibres  is 
almost  twice  that  of  the  uncoloured  fibre  samples  (table  3). 


Fibre  type 

max  cal  number 

min  cal  number 

difference 

clear 

9.8  dB 

9.1  dB 

0.7  dB 

coloured 

10.4  dB 

9.1  dB 

1.3  dB 

Table  3 


4. 2.1. 2  Conclusion 

Since  the  measurement  errors  due  to  bend  loss  and  primary 
coating  performances  are  independent  of  each  other,  the  total 
measurement  error  due  to  fibre  variability  is  the  sum  of  the  two 
contributions  (table  5) 


Power  meter 

bend  loss 

error 

coating  error 

total  error 

Intrusive 

±  0.25  dB 

±0.65  dB 

±  0.90  dB 

Non- 

intrusive 

±  1,5  dB 

±  0.65  dB 

±2.15dB 

Table  5.  Breakdown  of  error  due  to  fibre  variability 
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4.2.2  Clip-On  Test-bed  Measurements 


In  order  to  quantify  the  coating  performance  error  more 
accurately  under  more  controlled  conditions  a  new  clip-on  test¬ 
bed  was  designed  to  incorporate  improvements  to  the  fibre 
handling  mechanism  (figure  6). 


sliding  mandrel 


recessed  locating  groove 


waveguide 

detector  (Pg) 


Figure  6.  Clip-on  Testbed 


This  device  was  used  to  measure  the  K  value  of  the  samples  of 
clear  and  coloured  fibre  used  previously.  In  addition,  fibre 
coloured  using  heat  cured  inks  were  also  measured  for 
comparison  of  colouring  processes 


The  bend  loss  performance  of  the  fibre  samples  are  show  n  in 
figure  7. 


Cul-off  wavelength  (nm) 


•  Simulates  conditions  during  an  intrusive  clip-on  power 
measurement. 

•  Improvements  to  measurement  accuracy  by: 

(a)  Recessed  locating  grooves  fix  height  of  fibre  with 
respect  to  the  waveguide. 

(b)  Accurate  control  of  gap  between  mandrel  and 
waveguide. 

4.2.2. 1  Measurement 

•  A  convenient  figure  of  merit  describing  coating 
performance  variation  is  the  ratio 


P 


where  Pj  =  fibre  throughput  power  before  clip-on 
Pq  =  fibre  throughput  power  after  clip-on 
Pg  =  power  measured  by  waveguide 

This  ratio  shall  be  referred  to  throughout  as  the  R  value. 

•  Measurement  procedure 

(a)  load  fibre  into  mandrel  assembly 

(b)  push  sliding  mandrel  forward  and  secure 

(c)  move  mandrel  assembly  forward  on  translation 
stage  to  establish  220  pm  gap  between  mandrel  and 
waveguide. 

(d)  Measure  Pq  and  Pg  after  three  minutes 

(c)  Disengage  mandrel  assembly,  unload  fibre  and 
measure  Pj 


Figure  7.  Bend  loss  performance  of  coloured  fibre 


4  2.2.2  Results 

Fig  8  shows  the  R-valucs  for  each  set  of  fibres  tested,  and  table  6 
compares  the  R-values  of  fibres  w  ith  the  same  colour  from  both 
sets  of  coloured  fibres. 


Unrolourfd  1%'  cured  inh  rolnunnc  Mi  al  cured  mk  t .itiHir n.i' 

Fibre  sanifilfs 


Fi^jure  8.  K-valups  for  coloiireil  and  iiiuulonr(*d  fibres 
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colour 

UV  cured  ink 

Heat  cured  ink 

full  range 

red 

10.96  % 

14.87  % 

3.91% 

orange 

12.48 

14,15 

1.67 

yellow 

12.13 

14.31 

2.18 

green 

10.96 

12.00 

1.04 

blue 

12.90 

15.51 

2.61 

violet 

13.47 

14.59 

1,12 

brown 

12.15 

12.36 

0.21 

grey 

11.05 

13,30 

2.25 

Table  6 


4. 2. 2. 3  Conclusions 

•  Comparison  of  measurements  on  the  uncoloured  fibre 
samples  using  the  intrusive  power  meter  and  the  clip-on 
test-bed  shows  that  the  error  in  measurement  of  the  coating 
performance  has  been  improved  by  a  factor  of  2. 

•  Measurements  of  the  uncoloured  fibres  using  the  clip-on 
test-bed  demonstrate  a  small  bend  loss  performance  despite 
the  R-value  being  normalised  to  the  bend  loss  of  the  fibre. 
This  indicates  that  the  collection  efficiency  of  the 
waveguide  may  not  be  independent  of  the  fibre  bend 
performance. 

•  There  is  no  clear  relationship  between  R  values  for  fibres 
of  the  same  colour  but  different  ink  type  per  se.  Since  the 
inks  used  are  chemically  quite  different  this  is  not 
unexpected. 

•  Range  of  R-values 

Care  must  be  taken  when  comparing  the  range  of  R-values 
from  one  fibre  set  with  another  since  it  has  been  shown  that 
there  is  a  residual  bend  loss  dependence  associated  with  the 
measurement.  However  comparison  of  R-values  of  the 
uncoloured  fibre  set  with  the  heat  cured  coloured  fibre  set  is 
valid  since  these  fibres  occupy  similar  sized  regions  of  the 
specification  box.  Our  results  show  that  the  range  in  R- 
values  is  almost  twice  as  large  for  coloured  fibre  than  for 
uncoloured. 

•  Clearly  many  more  measurements  on  a  larger  sample  of 
fibres  are  required  before  more  specific  performance 
trends  can  be  described. 


5.  GENERAL  CONCLUSIONS 

We  have  shown  that  clip-on  optical  power  meters  may  be  used  to 
measure  the  throughput  power  of  calibrated,  coloured  or 
uncoloured  primary  coated  fibre  to  within  an  accuracy  of  i  0.2 
dB. 

Measurements  on  uncalibrated  fibre  have  a  worst  case 
measurement  uncertainty  of  ±  2.15  dfj  (non-intrusive 
measurement).  Operationally  this  level  of  accuracy  may  be 
sufficient  for  clip-on  power  meters  to  be  used  as  maintenance 
tools,  since  the  majority  of  faults  that  occur  on  fibre  have  high 
losses,  eg  fibre  breaks.  However  more  accurate  clip-on  power 
measurements  are  required  in  order  to  characterise  the  optical 
loss  performance  of  fibre  networks.  We  have  shown  that  fibre 
calibration  allows  this  level  of  accuracy  to  be  achieved  however 
it  is  clear  that  the  diversity  of  fibre  bend  performance  and 
primary  coating  structures  may  hinder  the  characterisation  of 
uncalibrated  fibre  networks  using  clip-on  technology 
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THE  EFFECT  OF  PRCKiF  TESTING  ON  THE  MINIMUM  STRENGTH  OF  OPTICAL 

FIBER 


G.  S.  Glaesemann 
Cdming  Incorporated 

Coming,  New  York  4 


Absuact 

Flaw  growth  during  the  unloading  portion  of  a  simulated 
proof  lest  cycle  was  measured.  Using  unloading  rates  of  400 
kpsi/s  (2800  MPa/s),  failures  during  unloading  were 
measured  as  low  as  377f  of  the  400  kpsi  (2800  MPa)  proof 
stress.  These  re.sults,  when  juxtaposed  with  well-known 
proof  test  theory,  demonstrate  that  the  final  strength  after 
proof  testing  is  determined  .solely  by  the  unloading  rate. 

Both  theory  and  experimental  results  contrast  with  the 
common  indu.stry  practice  of  relying  on  the  dwell  time  to 
e.slabli.sh  truncated  strength  distribution.  Unloading  rates 
greater  than  10,000  kpsi/s  (70,000  MPa/s)  are  suggested  to 
minimi/.e  crack  growth  during  unloading. 


Intrcduction 

Proof  testing  of  gla.ss,  ceramic  and  composite  materials  is 
routinely  used  as  a  moans  lor  limiting  the  .sixe  of  the  large.st 
Haw.  In  the  ca.se  of  gla.ss  optical  fiber,  special  machines  have 
been  created  to  proof  lOOVr  of  the  fiber  length  to  a 
predetermined  tensile  stre.ss.  Flaws  with  strengths  below  the 
proof  stress  are  eliminated  while  those  that  pa.ss  are  limited  in 
si/e.  Proofing  of  glass  articles  such  as  optical  fiber  is 
complicated  by  the  fact  that  pre-existing  surface  Haws 
expo.sed  to  moisture  grow  subcritically  when  stres.sed 
sufficiently.  Thus,  in  addition  to  the  failure  of  weak  tlaw.s, 
proofing  can  .stimulate  the  growth  and  suKsequeni  failure  of 
Haws  that  would  pa.ss  the  proof  .stre.ss  if  proofing  were 
conducted  under  inert  conditions. 

The  purpo.se  of  this  research  was  to  experimentally 
investigate  the  con.sequence  of  crack  growth  during  proofing. 
In  particular,  the  effect  of  the  unloading  rate  during  proof 
testing  examined.  First  a  review  of  published  literature  on 
the  fundamentals  of  proof  te.sting  of  fatigue-susceptible 
materials  is  presented. 


Background 

Figure  1  schematically  illustrates  the  stress  lime  history  of 
fiber  as  it  pu.sses  through  the  proof  test  cycle.  First  the  fiber 
is  loaded  to  the  proof  stress,  cTp,  at  a  stress  rate  given  by  <^1 
followed  a  dwell  time,  tj,  at  a  constant  stre.ss  equal  to  the 
proof  stress.  F'inally  the  fiber  is  unloaded  from  the  proof 
stre.ss  to  essentially  zero  stress  at  rate  b„  For  the  purposes 


of  this  study,  the  loading  and  unloading  rates  are  assumed  to 
be  constant  and  the  sU'e.ss  is  defined  as  that  actually 
experienced  by  the  glass  in  the  gla.s,s/polymer  composite. 
A.ssuming  a  fatigue  environment  during  proof  testing,  flaw 
growth  can  occur  during  all  of  the  three  stages  sketched  in 
Figure  1. 

Failure  During  Proofing. 

Strength  degradation  for  a  given  applied  stre.ss  history  can  be 
expressed  by  the  well-known  damage  equation  for  subcriiical 
crack  growth  in  brittle  materials,* 


where  c  is  the  stre.ss  applied  to  the  fiber  whether  it  be  a 
dynamic,  static,  or  cyclic  loading  with  time,  Sj  is  the  initial 
.strength  at  the  beginning  of  the  le.si,  t  =  0.  and  Sf  is  the  final 
strength  for  the  stress  history.  The  constants  n  and  B  are 
crack  growth  parameters.  Equation  ( 1 )  has  been  applied  to 
the  various  components  of  proof  te.sting.  ’ 


Failure  during  loading:  Failure  during  the  loading  portion 
of  the  proof  .stress  is  similar  to  failures  during  dynamic 
fatigue  testing  where  fibers  are  loaded  at  constant  stressing 
rale  until  failure.  For  dynamic  loading,  the  .sU’e.ss  during 
loading,  CT(t)  in  Eq.  ( I ),  is  given  by  b]!  and  the  upper  limit  of 
integration  is  l  =  Cf/6y  Integrating  Eq.  ( 1 )  for  this  condition 
gives  the  equation  for  the  final  sU’engih.  .Sf  =  Of. 


n-2  {,n-2 

Of  =  S, 


B(n-(-l)bi 


(2) 


Curve  a  in  Figure  2  gives  a  .schematic  repre.seniation  of 
strength  degradation  to  failure  during  the  loading  portion  of 
the  proof  test  cycle.  Note  from  Eq.  ( 1 ),  that  suengih 
degradation  is  reduced  by  increasing  the  loading  rate. 


Failure  during  dwell  time:  In  this  ca.se  the  fiber  passes  the 
loading  portion  but  fails  at  the  proof  sU’ess,  Sf  =  Op,  as  shown 
by  curve  b  in  Figure  2.  The  upper  limit  of  integration  in 
Eq.  ( 1 )  is  l  =  Op/b|  +  l*,  where  failure  cKcurs  at  U  into  the 
dwell  lime.  Completing  the  integration  yields. 


o 


n-2 

P 


=  s 


n-2 


ij 

-n  +  1 

Cp 

Bi 

.(n-t-l)bi 

-t-  ojjt. 


(.3) 


Thu.s,  a  flaw  with  an  initial  .strength  greater  than  the  proof 
stress  grows  and  subsequently  fails  during  the  dwell  lime. 
Note  that  it  is  impo.ssible  for  Haws  to  grow  during  the  dwell 
lime  to  a  final  .strength  below  the  proof  stress,  and  that  the 
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minimum  final  sirunglh  is  exactly  equal  lo  the  proof  slress. 
Even  though  this  slaiemem  seems  elementary,  it  becomes 
obvious  that  the  dwell  time  plays  virtually  no  role  in 
establishing  the  minimum  strength.  From  Eq.  (3)  the  final 
strength,  S,  =  Op,  is  independent  of  when  in  the  dwell  time. 
t».  failure  occurred.  The  dwell  time  divs,  however, 
contribute  to  crack  growth  during  the  proofing  process  in  that 
the  longer  the  time  t.,  the  greater  the  initial  strength,  .S,.  will 
have  to  be  for  failure  to  occur  during  the  dwell  period. 


Failure  during  unloadini!:  Unloading  cannot  be  ignored  in 
proof  testing  since  it  is  another  opportunity  for  Haw  growth. 
The  upper  limit  of  integration  of  Eq.  ( 1 )  is  now  t  =  Op/CT|  +  tj 
+  (Op  -  o.)/Oy  where  O.  is  the  stress  at  failure  during 
unloading  as  shown  schematically  by  curve  c  in  Figure  2. 

The  failing  .strength  during  unloading  is  then. 


_n  *  1  ,  , 

o» _ _  2  _L 


Bln+UOu 


or, 


-fI 


(n+lXTi 


(n+l)Ou 


(4) 


The  .strength  at  failure  during  proofing  then  is  a  culmination 
of  crack  growth  during  loading,  dwell,  and  unloading. 


Passing  the  proof  test 


Flaws  that  pa.ss  the  proof  stress  have  a  final  strength  that  is 
affected  by  all  three  components  of  the  proof  test  cvele.  The 
stress  cycle  now  occurs  over  a  total  time  of  t  =  Op/O]  +  t j  + 
Op/by.  Integration  of  Eq.  ( I )  over  the  entire  proof-te.st  cycle 
yields  the  final  strength  of  tho.se  fibers  that  survive  the  te.st: 


sr=s;'^-^ 


I  i 


(n+l  )Oi 


in+l)Ou 


(5) 


The  schematic  representation  of  strength  degradation  for 
Haws  that  pass  the  proof  test  cycle  in  Eq.  (.“i)  is  shown  by 
curve  d  in  Figure  2.  The  most  significant  observation  is  that 
according  to  Eq.  (.3).  the  Haws  can  grow  during  unloading 
from  the  proof  stress  and  still  pass  the  proof  test  cycle. 
Therefore,  it  is  important  to  rellect  on  current  industry 
practices  for  establi.shing  proof  test  requirements  where  only 
dwell  time  is  considered. 


Let  us  continue  to  focus  on  the  effect  of  unloading  during 
proofing.  If  the  unloading  rate  is  infinitely  last,  the  la.st  temi 
on  the  right  side  of  Eq.  (.3)  is  zero,  thereby  leaving  the  proof 
stre.ss  during  dwell  time  as  the  potential  opportunity  for  crack 
growth  during  proofing.  In  this  particular  case,  however,  the 
final  strength  cannot  be  le.ss  than  the  proof  stress  since  the 
flaw  can  only  grow  to  near  the  proof  stre.ss  during  dwell  with 
no  further  means  to  continue  growth  after  the  dwell.  Ttuis. 
unloading  is  the  only  means  for  the  final  strength  to  be  less 
than  the  proof  stress.  That  is,  for  proofing  in  a  fatigue 
environment,  the  final  strength  is  determined  primarily  by  the 
amount  of  crack  growth  during  unloading.  The  faster  the 
unloading  rate,  the  stronger  the  fiber  will  be;  similarly;  the 
slower  the  unloading  rate  is.  the  weaker  the  fiber  will  be. 

The  only  inlluence  the  dwell  time  has  on  crack  growth  during 
unloading  is  that  growth  during  this  period  has  ihe  potential 
of  increasing  the  probability  of  growth  during  unloading. 

Fuller  et.  al.'  have  discussed  the  effect  of  unloading  more 
ri'jorouslv  than  the  above  treatment.  For  Haws  that  pass  the 


proof  test  cycle,  the  Haw  with  an  initial  smength  such  that  it 
ju.st  pas.ses  the  proof  sme.ss  consequently  will  have  the 
minimum  final  strength,  S(„„n.  This  is  .shown  schematically 
in  Figure  3.  is  significant  since  it  is  the  strength  of  the 
largest  Haw  that  survives  proofing  po.ses  the  greatest  concern 
from  a  reliability  point  of  view.  The  initial  strength  of  this 
flaw  that  just  pas.ses  the  proof  test  will  be  denoted  by  .S,*. 
Similarly,  there  is  a  flaw  with  an  initial  strength 
infinite.simally  lower  than  S,*  that  just  fails  during  unloading. 
The  breaking  stress  of  this  flaw  therefore  is  the  minimum 
strength  of  all  flaws  that  break  during  unloading  and  w  ill  be 
denoted  by  o*,,,,,,. 

Setting  Si=.S,*  in  Eqs,  (4)  and  (.Si  and  combining  the  two 
equations  yields  the  following  relaticmship  between  the 
minimum  strength  after  proof  testing,  S(„||„.  and  the 
minimum  strength  during  proofing. 


c"  -  _  — “ 


{(^) 


B(n+1)\  cty 

Fuller  et  al'  simplified  Eq.  (b)  by  noting  that  the  Haw 
corresponding  to  initial  strength  S,*  will  cimie  infinitesimally 
close  to  touching  the  unloading  portion  of  the  stress  curve  in 
Figure  3.  The  slope  of  the  .strength  degradation  curve.  dS/dt. 
at  its  closest  point  to  the  unloading  portion  of  the  stress  curve 
will  be  nearly  equal  to  the  unloading  rate.  or  dS/dt  = 

The  following  relation  for  the  minimum  unloading  strength 
was  derived  bv  Fuller  et.  al.'. 


^•min  “  [B(n-2)Oi^ 


(7l 


Substitution  ol  Eq.  (7)  into  Eq.  (b)  yields  a  simple  relation 
between  Si,,,,,,  (the  minimum  strength  after  proolingi.  o.,,,,,, 
(minimum  strength  of  the  specimen  failing  during 
unloading),  and  n  (crack  growth  parameter). 

j . 

-Simin  =  7  tS) 

.  ,  ,1 

.S|,„,„  =  [B(n-2)au:>(-^--V' :  t^i 

'n+l  ' 

From  Equation  (dl,  the  minimum  strength  after  proofing  is 
deteniiined  only  by  the  unloading  rate  and  crack  growth 
parameters.  That  is  to  say.  the  largest  flaw  surviving 
proofing  does  not  depend  on  the  dwell  time  or  the  loading 
rate,  but  is  a  function  of  unloading  rate  only.  The  higher  the 
unloading  rate  is.  the  greater  the  mininnim  strength  after 
proofing  will  be. 

Fuller  et.  al,'  note  that  to  avoid  failure  during  unloading,  one 
must  choose  an  unloading  rate  high  enough  to  yield  in 
Eq.  (7)  greater  than  the  proof  stress.  Op.  To  perform  this 
calculation,  however,  the  crack  growth  parameters  n  and  B 
and  the  flaw  si/e  of  interest  must  be  known  apriori.  In  the 
ca.so  of  optical  fiber,  the  parameter  B  for  flaws  large  enough 
to  just  pass  a  ,‘'0  kpsi  (3.‘>0  MPa)  proof  test  is  extremely 
difficult  to  measure  since  such  flaws  are  rare.  However, 
given  actual  data  for  unloading  failures,  one  can  make 
several  qualitative  deductions  about  minimum  strength  after 
proofing. 
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A  simple  nielhud  lur  measuring  the  strength  distribution  of 
long  fiber  lengths  was  recently  developed.'  The  approach 
taken  was  to  stress  the  fiber  in  a  continuous  fa.shion  such  that 
the  .small  flaws  survive,  but  the  large  flaws  fail.  A  schematic 
of  the  test  apparatus  is  shown  in  Figure  4  and  consi.sts  of  a 
proof  testing  machine  and  a  remote  pulley  a.s.sembly.  The 
pulley  a.s,sembly  consists  of  a  pulley  mounted  on  a  load  cell, 
both  of  which  are  attached  to  a  pneumatic  slide.  A  complete 
de.scription  of  the  equipment  may  be  found  in  reference  2. 


The  proof  tester  acts  only  as  a  fiber  payout  machine.  Fiber  is 
payed  out  under  low  load  from  the  proof  tester  around  the 
remote  pulley  assembly  and  back  to  the  proof  tester.  A  total 
of  20  meters  of  fiber  is  contained  between  capstans  A  and  B. 
After  the  fiber  is  payed  ('ut,  the  proof  tester  stops,  the  pulley 
a.s.sembly  moves  on  the  slide,  and  the  fiber  is  loaded  to  a 
predetermined  load  level.  As  soon  as  the  maximum  load  is 
reached,  the  pulley  unloads  the  liber  by  returning  to  its 
original  position.  The  load  is  carefully  monitored  during  the 
entire  load  pul.se  event.  If  the  fiber  passes  the  load  puLse 
without  failing,  another  20  meter  length  is  indexed  into  the 
gauge  length  and  the  load  pulse  is  repeated.  Thus,  each  20 
meter  length  es.seniially  is  subjected  to  a  proof  test  cycle  of 
loading  and  unloading  (but  no  dwell),  with  the  maximum 
pre.set  load  being  the  proof  stress. 


One  hundred  kilometers  of  an  unproof-lested  I2.i  pm  titania- 
doped  silica-clad  developmental  fiber  was  tested  in  the  above 
manner  wdth  a  pre.set  maximum  fiber  stie.ss  of  400  kpsi  (2X00 
MPa).  The  loading  and  unloading  rates  were  maintained  at 
400  kpsi/s  (2X00  MPa/s)  and  all  testing  was  performed  in  an 
ambient  environment  (20  C,  MY'A  RH). 


The  typical  load  pulse  is  shown  in  Figure  5  for  fiber  pa.s.sing 
the  test.  In  addition  to  expected  fiber  failures  during  the 
loading  portion  of  the  pulse,  1.1  unloading  failures  were 
recorded.  Figures  6a  and  6b  show  examples  of  failure  during 
loading  and  unloading,  respectively.  Unloading  strengths, 
cr»,  ranged  from  147  to  1X4  kpsi  (1010  to  2640  MPa)  and  are 
summari/ed  in  Table  I. 


It  IS  clear  from  the  data  in  Table  I  that  Haws  in  optical  fiber 
can  grow  during  the  unloading  portion  ot  the  prool  test  cycle 
in  addition  to  growth  during  the  loading  portion  and  dwell 
time.  Afso,  unloading  failures  occur  below  the  prool  stress 
level  .since  the  applied  stre.ss  is  always  le.ss  than  the  prool 
sire.ss  during  unloading.  From  Eqs.  (X)  and  (4),  the.se  re.sults 
strongly  suggest  that  flaws  just  pa.ssing  the  proof  test  cycle 
have  post  proof  strengths  le.ss  than  the  proof  .stre.s.s. 

The  lowe.st  unloading  strength,  o*.  in  the  100  kilometers  ol 
fiber  tested  was  found  to  be  147  kpsi  (1010  MPa)  or  37'/f  ol 
the  400  kpsi  (2X00  MPa)  proof  .stre.ss.  The  minimum 
unloading  strength,  cj»n„n  in  Eq.  (7).  for  a  400  kpsi/s  (2X00 
MPa)  unloading  rate,  is  probably  le.ss  than  1741  ol  Op  due  to 
the  relatively  small  sample  si/e.  Fuller  et.  al.’  have  stated 
that  to  avoid  unloading  failures  one  should  choo.se  an 
unloading  rate  according  to  Eq.  (7)  such  that  o.,,,,,,  >  Op.  For 
our  test  results,  we  a.ssume  kpsi/s  (2X00 

MPa/s),  as  147  kpsi  (1010  MPa)  and  calculate  B.  for  an  n  of 


.10,  todie  2X0  kpsi-s  (11,700  MPa-s).  Equation  (7)  is  plotted 
in  logarithmic  form  in  Figure  7  where  In  o.,,,,,,  is  plotted 
versus  In  for  n  =  10  and  B  =  2X0  kpsi-s  ( 1.1,700  MPa-si 
Assuming  actual  strength  degradation  during  unloading  to 
follow  the  1/1  power  dependence  in  Eq.  (7)  suggests  that  an 
unloading  rate  greater  than  7.10(1  kpsL/s  (12.100  MPa/s)  is 
needed  to  avoid  unloading  failures  during  our  simulated 
proof  test. 

From  Eq,  (X).  the  minimum  .strength  after  proofing,  is 
always  le.ss  than  O.,,,,,,  by  a  factor  of  0.4  for  typical  liber  n 
values  of  20  to  10;  and  therefore,  assuming  147  kpsi  ( lOlo 
MPa)  to  be  clo.se  to  o.„„„  yields  S|„„n  to  be  1 47  x  0.4  =  1 12 
kpsi  (410  .MPa),  Thus,  for  the  simulation  of  prool  testing  in 
this  report,  the  minimum  .strength  of  liber  .surviving  the 
proof-test  cycle  is  approximately  117;  of  the  400  kpsi  i  2Xn() 
MPa)  proof  stre.s.s.  Fortunately,  most  modern-day  liber  prool 
testing  machines  operate  at  much  higher  unloading  ratss  and 
according  to  Eq.  (4).  it  is  unlikely  that  such  low  post-proof 
strengths  exist.  However,  this  study  highlights  the  need  to 
focus  on  the  unloading  portion  of  present  day  proof  testers  in 
determining  the  minimum  strength  after  proofing. 

In  the  particular  case  where  the  unloading  rale  is^iuii  fast 
enough  to  avoid  unloading  failures.  is  infinitesimally 
less  than  the  proof  stress.  =  Op.  and  therelore.  S|„„„  = 
0.4  Op.  Even  though  unloading  failures  are  avoided  in  this 
ca.se.  strength  degradation  still  occurs  during  unloading 
resulting  in  a  truncation  sU'cngth.  slightly  less  than  Op. 
As  the  unloading  rate  is  increased  beyond  the  rate  too  last  lor 
unloading  failures  the  truncation  strength.  .‘s|„„„.  increases 
from  0.4Op  and  in  the  limit  approaches  the  proof  stress  level 
at  infinite  unloading  rates.  Thus,  for  two  fibers  with  identical 
pre-proof  strength  distributions,  the  one  with  the  higher 
unloading  rate.  i.e..  higher  machine  speed,  will  have  the 
higher  truncated  strength. 


Of  a  more  practical  nature  is  the  understanding  we  can  draw 
from  the.se  experiments  about  proof  te.sting  in  the  fiber 
manufacturing  industry.  Loading,  dwell,  and  unloading 
components  all  contribute  to  crack  growth  during  proofing. 
However,  proof  testing  standards  to'tay  rely  solely  on  the 
dwell  lime  to  account  for  crack  growth  during  proofing.  The 
proof-test  theory  review  and  data  pre.sented  in  this  .study 
demonstrate  that  the  unloading  portion  of  the  proof  test  is 
respon.sible  for  establishing  the  truncated  .strength  alter 
proofing,  and  that  the  faster  the  unloading  rate  is,  the  higher 
the  truncated  strength  will  he.  Proper  proof  testing, 
therefore,  requires  the  knowdedge,  the  control  and  proper 
account  of  the  unloading  portion  of  the  proof  le.st  cycle. 

Even  though  more  data  are  needed,  it  is  estimated  that  an 
unloading  rate  greater  than  lO.OOO  kpsi/s  (7().(l()()  MPa/s)  is 
required  to  minimize  unloading  failures  and  strength 
degradation  below  the  proof  stre.ss  level  during  unloading  of 
the  fiber. 
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Table  I.  Suess  at  Failure  Data  During  Unloading  at  400  kpsi/s 
from  a  Maximum  Load  of  400  kpsi.  Data  ranked  from 
strongest  to  weakest. 


kpsi  MPa 


383 

2680 

3.58 

2.500 

347 

2430 

368 

2580 

3.37 

2360 

3.31 

2320 

268 

1880 

263 

1840 

189 

1320 

189 

1320 

189 

1 320 

1.57 

IKK) 

147 

1030 

Figure  1. 

Schematic  of  Stress/Time  History  for  Proof  Testing 


Figure  2. 

Schematic  Diagram  of  Strength  Degradation 
during  Proof  Testing 

Curve  labeled  a  givea  the  applied  tireaa  at  a  hitKtion  of  bine. 
Reference  1. 

(a)  Loading  failure 

(b)  Dwell  failure 

(c)  Unloading  failure 

(d)  Paaaing  the  proof  teaL  for  flawa  with  ditferent  inibal  strengtha,  S, 


Time  t 


Figure  3. 

Definition  of  Critical  Initial  Strength,  S,*,  Minimum  Failure  Stress 
and  Minimum  Strength,  Si„,„,  After  the  Proof  Test 

Specimena  with  inibai  atrengtha  greater  than  S,*  will  aurvive. 
while  thoae  with  atrengtha  leaa  than  S,*  will  fail. 

Reference  1. 


Figure  4. 

Schematic  of  Continuous  Fiber  Strength  Test  Apparatus 
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Figure  5. 
Loading  Cycle 


Passed 


Figure  6. 

Failure  During  Loading  Cycle 


a)  Failure  During  Loading  ^  ■  ...lure  During  Unloading 
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Failure  Stress  During  Unloading  as  a  Function  of 
Unloading  Rate 
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DEEP  HATER  DEPLOYMENT  OP  ARMOURED  OPTICAL  CABLE 


David  I.  curtla,  John  N.  Ruaaall,  Patar  Worthington 


STC  Submarina  syataaia,  Southampton,  U.K. 


ABSTRACT 

The  North  Pacific  cable  ayatem  (NPC)  runa  from 
Miura,  Japan  to  Pacific  City,  usA  with  a  branch  to 
Alaaka  (Figure  1).  Approximately  9500  km  of  cable 
waa  supplied  for  the  system  (by  STC,  UK  and  NEC, 
Japan)  making  it  the  longest  optical  cable  system 
in  the  Pacific,  it  ia  also  the  highest  capacity 
trans-Pacific  cable,  with  a  capacity  equivalent  to 
85,000  telephone  circuits .  The  system  was 
installed  in  the  latter  part  of  1990  and  early 
1991,  and  commercial  service  began  on  1  Hay  1991. 

As  the  cable  route  had  to  cross  the  subsea 
mountain  range  known  as  the  Emperor  Seamount  range 
(ESM),  the  choices  of  cable  design  had  to  be 
closely  considered  against  the  terrain  variations. 
A  relatively  benign  route  could  have  been 
Identified  with  a  1000  km  detour,  but  calculations 
showed  that  with  suitable  cable  design 
modifications  a  direct  crossing  of  the  ESM  range 
was  possible.  The  task  was  to  lay  a  ceOsle  in  deep 
water  ( >  4  km)  in  an  area  of  steep  slopes  and  high 
sea  bed  currents.  Light  armoured  (C65)  cable  was 
chosen  to  give  the  required  protection. 

A  special  transition  cable  for  use  between  the 
normal  lightweight  deep  water  cable  and  the 
eirmoured  cable  was  developed.  This  had  increased 
torsional  stiffness  to  resist  the  twist  generated 
by  the  armoured  cable,  and  a  special  grooved  outer 
sheath  to  provide  extra  grip  in  the  ship  cable 
laying  machinery.  Performance  of  the  cables  in 
deep  water  was  checked  theoretically  and  two  sea 
trials  were  carried  out  to  demonstrate  the 
viability  of  the  approach. 


INTRODUCTION 

The  normal  unarmoured  (lightweight)  cable  used  in 
the  deep  water  segments  of  submarine  systems 
cannot  Ise  laid  in  areas  where  there  are  strong  sea 
bad  currents.  Such  currents  cause  relative 
movesient  between  the  cable  and  sea  bed,  leading  to 
abrasion  of  the  polyethylene  jacket  and  eventual 
high  voltage  breakdown  of  the  cable  insulation. 
To  provide  sufficient  weight  for  stability  on  the 
sea  bad,  light  armour  (C65)  cable  waa  selected  for 
the  ESN  crossing.  This  cable  ia  normally  used  for 
the  buried  segments  of  systems  in  depths  of  less 
than  1  km. 


In  addition  to  providing  stability  on  the  sea  bed, 
the  steel  wire  armouring  greatly  increases  the 
resistance  of  the  cable  to  abrasion  and  scouring 
caused  by  movement  of  the  sea  bed  material  over 
the  cable  in  the  presence  of  high  currents . 

Initial  estimates  of  twist  and  torque  that  would 
be  generated  by  the  C65  in  depths  of  4  )an  were 
made,  and  two  major  problem  areas  were 
identified 

-  Cable  tension  at  the  transition  from  C65  to 
lightweight  cedile  would  exceed  the  safe  level 
for  grip  in  the  tyres  of  the  ship's  laying 
engine . 

-  The  torque  generated  by  the  armoured  cable  could 
cause  excessive  twijt  in  the  adjacent 
lightweight  cable,  leading  to  potential  loop 
throwing  problems  either  on  the  sea  bed  or  on 
the  ship. 

To  overcome  these  problems  a  special  transition 
ced}le  was  developed,  designated  Lightweight 
Screened  Grooved  cable  (LHSG).  This  was  based  on 
the  normal  deep  water  lightweight  screened  (LHS) 
cable  with  an  additional  high  density  polyethylene 
outer  sheath  to  increase  the  torsional  stiffness 
of  the  cable.  A  shallow  spiral  groove  was  cut 
into  this  outer  sheath  to  provide  the  extra 
required  grip  in  the  tyres  of  the  linear  cedile 
engine  to  be  used  for  cable  laying. 

Tests  had  shown  that  this  type  of  grooving  was 
particularly  effective  in  increasing  the  grip  with 
wet  cable.  Using  a  single  wheel  pair  test 
arrangement,  measured  tension  at  onset  of  slip  was 
typically  doubled  from  etbout  5  )cN  to  10  )cN  per 
wheel  pair. 

In  view  of  the  high  predicted  laying  tensions,  2% 
proof  tested  fibre  was  used  for  the  Emperor 
Seamount  cables  instead  of  the  normal  value  of 
1.6%  used  for  NL  deep  water  cable. 

Figure  2  shows  the  construction  of  the  three 
cables  (LHS,  LHSG  and  065  light  armour). 

The  physical  characteristics  are  summarised  in 
Table  1. 
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TABLE  1 


CHARACTERISTICS  OF  CABLE 

USED  IN 

THE  NPC 

SYSTEM 

NL 

LWS 

NL 

LWSG 

NL 

£65 

O/D  (mm) 

31.8 

37.8 

43.0 

Weight  in  air  (kg/m) 

1.57 

1.87 

3.69 

Height  in  water  (kg/m) 

0.75 

0.71 

2.20 

UTS  (kN) 

165 

170 

310 

EA  (MN) 

20.0 

20.2 

50 

—  2 

GJ  (Nm  ) 

37 

70 

100 

Torcpie  per  kN  (Nm) 

0.0 

0.0 

2.0 

H  (deg.  knots) 

50 

45 

75 

water  areas  in  the  Pacific,  sea  bed  currents  are 
less  than  0.1  m/sec  and  LW  cable  is  completely 
stable  in  service.)  In  addition,  high  currents 
acting  during  laying  will  cause  a  light  cable  to 
be  moved  off  line  during  descent,  resulting  in  the 
final  position  on  the  sea  bed  being  significantly 
displaced  from  the  surveyed  route. 

Hence  use  of  the  heavier  C65  armoured  cable  to 
provide  stability  in  service  also  ensures  that  the 
C2d3le  can  be  laid  accurately  on  the  required 
course. 

Considerable  work  had  been  commissioned  previously 
by  STC  to  study  the  stability  of  cables  in  the 
presence  of  sea  bed  currents  (Ref.  1),  and  this 
was  used  to  confirm  the  suitability  of  C65  for  the 
ESM  crossing.  The  results  are  summarised  in  the 
next  section. 


Note :  EA 


Tensile  stiffness 


Cabla  stability  in  Sea  Bed  Currents 


GJ  =  Torsional  stiffness 
CABLE  STABILITY  IN  EMPEROR  SEAMOUNT  CROSSING 


If  cable  on  the  sea  bed  is  subjected  to  a 
transverse  current,  the  maximum  current  at  which 
it  is  stable  is  given  by:- 


The  Emperor  Seamount 

Seamounts  are  subsea  mountains  similar  in  profile 
to  oceanic  islands  of  volcanic  origin,  often 
rising  several  kilometres  above  the  ocean  floor. 
They  are  characterised  by  circular  or  elliptic 
bases  with  steep  slopes.  seamounts  are  often 
grouped  in  chains  forming  subsea  ridges,  which  can 
be  very  long.  The  Emperor  seamount  chain  forma  an 
almost  continuous  north-south  feature  that  can  be 
traced  from  the  Hawaiian  ridge  in  the  south  to  the 
Aleutian  trench  in  the  north.  steep  slopes 
present  problems  with  cable  laying  as  control  of 
slack  is  greatly  impaired  and  cable  suspensions 
can  be  left  on  the  sea  bed.  Any  such  suspensions 
could  lead  to  premature  failure  from  high  stress 
eUsrasion  and  fatigue  at  the  support  points  between 
suspensions . 

For  the  Emperor  Seamount  crossing  a  col  between 
two  seamounts  (Jimmu  and  Suiko)  was  selected,  and 
a  route  along  the  lower  contours  of  Suiko  was 
chosen  to  minimise  slopes  and  also  avoid  the 
centre  of  the  valley  of  the  col  where  currents 
would  be  highest.  Even  so,  sea  bed  slopes  of  lO" 
were  unavoidable  with  the  selected  route  (see 
Figure  3)  . 

A  survey  of  the  NPC  route  was  carried  out  in  1988 
by  Cable  and  Wireless  (Marine)  and  during  this 
survey  the  Emperor  Seamount  crossing  was  studied 
in  great  detail.  A  current  meter  was  placed  close 
to  the  sea  bed  in  a  depth  of  4  )cm  for  a  period  of 
20  days.  Maximum  sea  bed  currents  of  0.46  m/sec 
were  observed  in  this  period,  with  predicted  10 
year  maxima  of  0.7  m/sec. 

At  these  levels  of  current,  lightweight  cables  are 
not  stable  and  will  suffer  damage  from  relative 
movement  between  cable  and  sea  bed.  (In  most  deep 


Vc  =  ^  - 

t  O-  5'yO  el  ) 

where;  w  =  Cable  weight  in  water 

d  =  Cable  diameter 

C^  =  Lift  coefficient)  Both  -  1  for  cable 
)  at  typical  sea  bed 
Cp  =  Drag  coefficient)  velocities. 

=  Friction  coefficient  between  cable 
and  sea  bed 

This  is  the  critical  velocity  acting  at  the  cable 
mean  height  above  the  sea  bed  (d/2),  and  is  the 
velocity  at  which  cable  movement  will  start  to 
occur . 


For  comparison  between  cables  the  critical 
velocity  at  a  greater  height  (1.0m)  is  used, 
which  is  a  more  convenient  height  for  measurement. 

Assuming  a  logarithmic  profile,  the  current  at  1.0 
metre  is  related  to  the  current  at  the  cable  by:- 


1.0 


=  V 


{d/2) 


(In  (1.0)  -  In  (Zo)) 
(In  (d/2)  -  In  (Zo)) 


(2) 


Where;  Zo  =  Sea  bed  roughness  figure 

-4 

Taking  a  worst  case  figure  for  Zo  of  10  metre 
(i.e.  a  smooth  sea  bed),  the  critical  current  for 
stability  can  now  be  evaluated  using  (1)  and  (2). 
This  is  shown  in  Figure  4  for  NL  LWS  cable  and  NL 
C65  armoured  cable. 
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It  can  be  seen  that  LWS  cable  is  not  stable  at  the 
predicted  maximum  currents  in  the  ESM  crossing, 
whereas  C6S  armoured  cable  is  stable  at  currents 
of  up  to  1.0  m/sec. 

Experimental  work  by  the  Hydraulics  Research 
Station  using  cable  samples  in  tanks,  has  shown 
that  this  theoretical  approach  is  conservative  in 
predicting  cable  stability. 

TENSION,  TORSION  AND  TWIST  IM  SERVICE 

The  ces  armoured  cable  and  LWSG  transition  cable? 
were  designed  to  provide  the  required  degree  of 
protection  for  the  Emperor  Seamount  crossing,  and 
to  have  sufficient  strength  and  grip  in  the  cable 
laying  equipment  to  allow  safe  deployment  in  deep 
water. 

In  order  to  determine  the  torsional  performance  of 
the  cables  in  service,  theoretical  analysis  of 
torque,  twist  and  tension  in  service  was  carried 
out . 


<Tho  negative  sign  for  the  internally  generated 
torque  KT  indicates  that  twist  is  in  a  direction 
to  unlay  the  helix  of  th 3  armouring.) 

In  the  case  of  LWS  or  LW  cables  which  are 
torsionally  balanced,  K  =  o  and  (3)  becomes:- 

GJ 

For  armoured  cable,  the  internally  generated 
torque  causes  the  cable  to  twist  during 
deployment.  In  steady  state  laying  of  armoured 
cable  there  is  no  externally  applied  torque  to  the 
cable  (if  any  such  torque  is  present  initially  it 
will  decay  exponentially  to  zero  as  laying 
proceeds) .  Hence,  under  these  conditions,  with 
cable  tension  at  the  ship  of  Ts,  the  twist  at  the 
ship  is:- 

zHi 


t 


Excessive  twist  can  lead  to  premature  failure  of 
cable  under  high  tension,  as  it  causes  unequal 
load  sharing  in  a  torsionally  balanced  strength 
member . 

Twist  can  also  cause  problems  in  deployment  where 
the  cable  is  under  low  tension  (in  the  ship's  tank 
or  on  the  sea  bed)  resulting  in  loop  throwing  and 
kink  formation  in  the  cable. 

The  theoretical  analysis  of  the  twict  in  the  LWSG 
transition  cable  and  CSS  armoured  cables  showed 
that  deployment  in  4  km  was  possible  without 
exceeding  safe  levels  of  twist. 

Land  based  testa  at  higher  than  predicted  levels 
of  twist  and  tension  were  carried  out  on  the  cable 
and  joints. 


As  the  cable  sinks  to  the  sea  bed  tension  falls  to 
zero,  and  the  twist  in  the  cable  at  the  sea  bed  is 
also  zero.  Under  steady  conditions,  therefore, 
with  zero  sea  bed  tension,  armoured  cable  is  laid 
on  the  sea  bed  with  no  twist. 

The  cable  is,  however,  twisting  during  the  descent 
from  ship  to  sea  bed.  Hence,  when  a  transition  is 
made  to  another  cable  type,  this  cable  is 
subjected  to  the  twisting  of  the  armoured  cable  as 
the  transition  descends. 

Twisting  of  the  transition  cable  will  now  result 
in  an  external  torque  in  the  cable.  This  torque 
is  held  by  friction  at  the  sea  bed  and  on  the 
ship.  That  is,  there  are  no  free  ends  to  allow 
twist  to  occur  and  thus  reduce  the  torque  present 
in  the  transition  cable. 


Two  sea  t-ials  were  also  undertaken  in  order  to 
check  t(  measured  performance  of  the  cable  and 
compare  with  theoretical  predictions. 


The  magnitude  of  the  torque  and  twist  can  be 
calculated  by  solving  the  basic  equations  (Eq.  3) 
for  the  two  types  of  cable. 


Theoretical  Model  for  Laying 
a  Deep  Water  Transition 


Figure  5  shows  schematically  a  transition  at  an 
intermediate  stage  between  ship  and  sea  bed. 


The  general  relationship  between  twist,  torque  and 
tension  for  a  cable  is  (Ref.  2). 


<P  = 


Where : 


=  Twist  per  unit  length 


..  (3) 


GJ  =  Torsional  stiffness 

M  =  Externally  applied  torque 

K  =  Torque  generated  per  unit  tension 

T  =  Cable  tension 


For  steady  laying  of  a  single  cable  type  at 
constant  speed  the  cable  between  ship  and  sea  bed 
is  a  straight  line  at  an  angle  to  the  horizontal 
of :  - 


-I 

o(  =  CoS 


(4) 


rt  H/V  for  small  H/V 

Where:  H  =  Cable  hydrodynamic  constant 

V  =  ship  laying  speed 
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For  two  cable  types  in  suspension,  a  simple  model 
is  to  assume  that  both  cables  remain  straight 
lines  with  angles  given  by  (4)  for  each  cable 
type.  (This  is  not  completely  correct  as  the 
cables  adjacent  to  the  transition  would  be  smooth 
curves  in  order  to  satisfy  equilibrium  conditions 
at  the  transition.) 


Referring  to  Figure  5,  the  equations  relating  to 
twist,  tension  and  torque  for  the  two  cables  are:- 


(Sea  Bed  M 
Cedsle  No.  1  ( 

(Transition  M 


(Transition  M 
Cable  No.  2  ( 

( Ship  M 


GJ,d  + 

K, 

T 

..  (5) 

1 

1 

O 

GJ^^,  + 

"i 

^1 

..  (6) 

^2^  * 

’^2 

^2 

..  (7) 

^2%  * 

"2 

^3 

..  (8) 

The  cable  tensions  can  be  related  to  the  lengths 
of  cable  in  suspension.  For  straight  line  cable 
configuration,  the  cable  tension  in  depth  h  is  wh 
(w  =  cable  unit  weight  in  water)  ind<jpendent  of 
the  cable  angle. 

Hence  we  havei- 


(  T  =0 

at  sea  bed 

Cable  No. 

1  (  ° 

II 

"1 

at  Transition 

(  T  =  T 

at  Transition 

Cable  No. 

2(2  ^ 

(  T3  =  Wi 

+  Wj  (h  -  hj^)  at  ship 

Where  h  = 

depth,  h  =  depth  between  transition 

and 

sea  bed. 

A 

Initially 

there  is  a  total 

amount  of  twist  in 

the 

cable  in  suspension  given  by:- 


GrT, 

Where:  =  h  =  Initial  length  of  cable 

sin  of ^  No.  1  in  suspension 

As  laying  of  the  transition  proceeds,  some  twist 
will  be  laid  on  the  sea  bed  (since  fS  ^  0  if  H  * 
0).  However,  as  there  are  no  free  ends,  the  total 
amount  of  twist  in  suspension  and  on  the  sea  bed 
must  remain  constant  and  equal  to 

The  total  twist  laid  on  the  sea  bed  is:- 


Hence  the  twist  remaining  in  suspension  in  cables 
1  and  2  at  an  intermediate  time  shown  in  Figure  5 
is:- 

••  (10) 

From  this  a  new  value  for  the  twist  per  unit 
length  in  the  cable  at  the  sea  bed  can  be 
determined  using  Equations  (5)  to  (8)  to  give:- 


t 


.  U 


K.TU.  ^ 
2  6 J 


(11) 


Li .  6X. 


Having  determined  f  ,  the  other  values  of  twist 
and  the  external  torque,  M,  can  be  determined 
using  Equations  (5)  to  (8). 

Estimated  Twist  and  Tension  for 
Emperor  Seamount  Cables 

For  the  Emperor  Seamount  crossing,  the  first 
transition  is  from  LWSG  (deep  water)  to  armoured 
cable,  followed  by  a  transition  from  armoured 
cable  to  LWSG. 


Of  these,  the  most  severe  case  in  terms  of  tensile 
and  torsional  stress  is  the  transition  from  armour 
to  LWSG,  as  the  transition  cable  has  to  support 
the  weight  of  the  armoured  cable  during  laying. 

Figure  6  shows  the  calculated  twist  and  tension  in 
the  LWSG  cable  as  a  function  of  length  of  cable 
paid  out  after  the  transition.  This  is  plotted 
for  4  different  laying  speeds  (2,  3,  4  and  5 
]cnots ) . 

It  can  be  seen  that  the  laying  speed  does  not 
greatly  influence  the  pea)c  twist  that  occurs, 
which  is  approximately  0.075  turns/m  in  each  c£.se 
(1  twist  in  13  metres).  However,  increasing 
laying  speed  increases  the  length  over  which  the 
twist  occurs.  Hence  a  low  laying  speed  is 
preferable  to  reduce  ris)c  of  twist-induced 
problems . 

At  low  laying  speeds,  however,  the  cable  angle 
increases  and  becomes  closer  to  the  vertical. 


Cable  tension  can  then  be  significantly  affected 
by  wave  induced  motion  of  the  ship.  This  dynamic 
tension  component  is  rrven  by:- 


T 


t  (  EA 


..  (12) 


f.  =  I 


Where;  EA  =  Cable  tensile  stiffness 
m  =  Mass/unit  length 


where  the  integral  is  over  the  length  of  cable 
laid  on  the  sea  bed  from  the  time  the  transition 
leaves  the  ship. 


and  t  is  the  pea)c  vertical  velocity  of  the  ship 
at  the  point  of  cable  suspension  (i.e.  stern  or 
bow) . 
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Figure  6  shows  that  the  expected  laying  tension  in 
steady  conditions  with  no  ship  motion  is  about  85 
kN  with  ces  cable  in  suspension,  falling  to  28  kN 
when  the  transition  to  LWSG  is  at  the  sea  bed. 

If  a  low  laying  speed  were  used  so  that  Ccdile 
angle  was  close  to  the  vertical,  the  dynamic 
tension  component  with  C65  cable  in  suspension  in 
4  km  depth  will  be  approximately  t  40  kN  in 

adverse  weather  conditions  (with  V  =  ±  3  m/sec. 

.  a 
assumed) . 

This  increases  the  peak  tension  to  over  120  kN, 
which  exceeds  the  ma.-^imum  safe  tension  for 
deployment  of  the  LWSG  cable . 

By  using  a  laying  speed  of  3  knots,  the  cable 
angle  for  the  C65  is  reduced  to  about  30°  which 
results  in  worst  case  dynamic  loading  of  only 
t  20  kN,  and  maxis.um  laying  tensions  of  105  kN  in 
the  LWSG  cable.  This  corresponds  to  a  cable 
strain  of  about  0.6%  which  is  a  safe  figure  for  2% 
proof  tested  fibre. 

A  laying  speed  of  3  knots  was  therefore  selecte  ' 
to  enable  safe  laying  in  adverse  weather 
conditions,  but  without  subjecting  excessive 
lengths  of  cable  to  the  highest  level  of  twist  in 
deployment . 

SEA  TRIALS 

Two  sea  trials  were  carried  out  in  order  to  chock 
the  performance  of  the  cables  in  deployment  and  to 
establish  procedures  for  subsequent  use  on  the 
system  lay. 

A  short  trial  was  carried  out  in  May  1989  using 
€  km  of  ce5  armoured  cable  and  14  km  of  LWSG 
transition  csible.  This  trial  demonstrated  the 
feasibility  of  deployment  of  the  cables  in  4  km 
depth  but  was  too  short  to  accurately  simulate 
tensile  and  torsional  loadings  that  would  occur  on 
system  laying. 

A  full-scale  sea  trial  was  carried  out  in 
September  1989.  A  schematic  of  the  cable  used  in 
the  sea  trial  is  shown  in  Figure  7,  together  with 
the  system  configuration  to  be  used  for  the 
Emperor  Seamount  crossing. 

The  trial  used  10  km  of  C6S  armour,  which  was 
sufficient  to  establish  steady  laying  conditions 
in  a  depth  of  4  )cm.  A  length  17.4  )an  of  LWSG  (the 
same  length  as  in  the  system)  was  deployed  between 
the  transition  and  the  trial  repeater  housing. 

As  a  further  precaution  against  twist,  the  cable 
was  paid  out  through  a  carousel  (360*  turn) 
installed  between  ship  tank  and  cable  engine. 
This  was  designed  to  prevent  twist  that  may  be 
present  outboard  from  reaching  the  cable  in  the 
tank.  Loop  throwing  can  be  caused  by  twist 
applied  to  cable  at  low  tension  in  the  region 
between  tank  and  cable  engine. 


Sea  Trial  Results 

The  trial  was  laid  at  a  steady  pay-out  speed  of 
3  knots,  which  was  estimated  as  optimum  for  system 
deployment . 

During  the  trial  the  following  parameters  were 
continuous ly  monitored : - 

-  Tension 

-  Twist 

-  Optical  length  (strain) 

-  Optical  attenuation 

Figure  8  shows  the  results  of  the  tension  and 
twist  measurements  made  during  the  pay-out  of  the 
transition  from  C65  to  LWSG. 

The  twist  in  the  LWSG  showed  a  steady  increase  to 
a  peak  of  about  0.065  turns/m  after  paying  ou.  6 
km,  followed  by  a  steady  reduction  as  pay-out 
continued.  By  the  time  the  repeater  was  launched 
(17.4  km  pay-out),  there  was  no  significant  twist 
in  the  LWSG  cable.  The  measured  peak  twist  was 
somewhat  less  then  the  theoretical  figure  (0.075 
turns/m)  and  the  twist  decayed  more  rapidly  than 
expected  as  pay-out  continued. 

This  may  be  accounted  for  by  an  increase  in 
torsional  stiffness  of  the  LWSG  as  the  high 
density  polyethylene  sheath  is  cooled  in  deep 
water.  It  is  also  possible  that  the  armouring  is 
generating  less  torque  than  expected  because  of 
hysteresis  and  friction.  The  calculated  figure 
for  torque  is  based  on  torque  developed  when 
tension  is  applied  to  the  cable.  in  this  case, 
torque  is  developed  as  tension  is  removed  from  the 
cable  as  the  transition  sinks  to  the  sea  bed. 

The  measured  tension  during  the  transition  was  as 
expected,  falling  from  a  maximum  of  90  kN  with  all 
armour  cable  in  suspension  to  30  kN  when  the 
transition  reached  the  sea  bed. 

The  optical  monitors  on  the  trial  showed  no  change 
in  loss,  and  the  measured  residual  strain  in  cable 
on  the  sea  bed  was  less  then  0.01%.  The  trial  had 
demonstrated  the  viability  of  the  proposed  Emperor 
Seamount  crossing,  and  the  system  installation 
could  therefore  proceed  as  planned. 

SLACK  CONTROL 

The  route  survey  showed  that  the  selected  route 
through  the  Emperor  Seamount  crossing  required 
direction  changes  to  follow  the  optimum  (minimum 
slope,  minimum  currents)  route.  From  the 
recommendations  of  the  survey  it  was  decided  to 
lay  a  relatively  high  degree  of  slack  on  the  sea 
bed  to  compensate  for  inevitable  inaccuracy  caused 
by  slope,  sea  bed  currents,  direction  changes  and 
transitions  of  different  cable  types.  Target 
figures  of  7%  slack  in  the  C65  and  5%  in  the  LWSG 
ced>le  were  selected,  compared  to  typically  1%  -  2% 
slack  normally  used  for  deep  water  cable. 
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This  is  the  target  slack  on  the  sea  bed.  The  ship 
required  different  targets  for  deployed  slack  in 
order  to  compensate  as  far  as  possible  for  the  sea 
bed  slopes  and  cedsle  t''ansition8 . 

Slack  Compensation  for  Sloping  Sea  Bed 

The  extra  slack  that  must  be  laid  to  compensate 
for  a  sea  bed  slope  of  is:- 

As  =  Sin  (  (k't  )  -  1  ..  (13) 

(  Sin  c<j  +  sin 

Where:  =  cable  angle  at  ship  given  by  Eq.  4 

This  expression  is  negative  for  positive  fi 
(laying  up  a  slope)  and  positive  for  negative  fi 
(down  a  slope) . 

Typical  slack  compensation  for  a  10°  slope  for 
LWSG  cable  at  3  knots  is  ±  2.5%. 

Slack  Compensation  at  a  cable  Transition 

As  the  steady  state  laying  angles  of  the  cables 
each  side  of  the  transition  are  different, 
compensation  is  required  for  the  change  in 
geometry.  The  required  extra  slack  is  given  by:- 


AS  =  , 

Sin  0^1  Sirt  (®(i.  ^ 

Sio  o<j  -  Sin  (<x, 

Where :  oC  ^ 

=  Laying  angle  of  cable  No.  1 
prior  to  transition 

*^2 

=  Laying  angle  of  cable  No.  2 
after  the  transition 

and  given  by  Eq,  4 

For  example,  a  transition  from  LWSG  to  C65  at 
3  knots  requires  an  additional  5%  slack  to  be  laid 
for  the  period  of  descent  of  the  transition  from 
ship  to  sea  bed.  Figure  9  shows  the  calculated 
slack  that  was  required  to  be  laid  by  the  ship  in 
order  to  meet  the  target  figures  on  the  sea  bed 
calculated  for  a  constant  laying  speed  of  3  knots. 

Computer  Modelling 

As  a  further  check  on  the  correct  slack 
requirements  a  computer  model  was  developed  to 
determine  cable  profiles  in  suspension  during 
deployment  of  transitions,  joints  or  repeaters. 
Results  of  this  finite  difference  model  agreed 
well  with  the  results  given  using  the  simple 
straight  line  approximation. 

SYSTEM  LAY 

The  Emperor  Seamount  crossing  was  laid  as  part  of 
the  main  deep  water  lay  of  the  NPC  system  by  Cable 
and  wireless  using  the  cable  ship  "Cable  Venture". 
This  was  one  of  the  longest  deep  water  cable 
operations  that  has  been  undertaken,  and  was 
carried  out  in  November  and  December  1989. 


The  Emperor  Seamount  cable  deployment  proceeded  as 
planned.  Maximum  tension  in  the  LWSG  transition 
cable  was  less  than  100  kN.  Cable  twist  was 
estimated  by  observers  positioned  at  the  stern  of 
the  ship.  Maximum  twist  in  the  LWSG  cable  was 
estimated  at  approximately  1  turn  in  12  metres, 
falling  rapidly  to  zero  as  pay-out  continued.  No 
twist  was  observed  inboard  in  cable  under  low 
tension.  Cable  and  transition  handling 
procedures,  which  had  been  well  rehearsed  prior  to 
the  lay,  were  carried  out  without  difficulty. 

CONCLUSIONS 

The  design  task  of  achieving  a  suitable  cable  for 
the  complex  ESM  crossing  was  successfully  proven 
first  through  sea  trials  and  then  the  system  lay. 
This  enabled  significant  savings  in  system  length 
and  cost  compared  to  more  benign  options  for  the 
route . 

REFERENCES 

1.  "Stability  of  submarine  Cables" 

Hydraulics  Research  Station  Report  Ex  918 

March  1980. 

2.  "Submarine  Cable  Mechanics  and  Recommended 

Laying  Procedures" 

C.E.  Roden,  Bell  Telephone  Laboratories 

December  1964 

BIOGRAPHIES 

John  N.  Russell  was  born  in  1954  in  Birmingham, 
England.  He  graduated  in  applied  physics  from 
University  college,  London,  in  1975.  In  the  same 
year  he  joined  STC  Transmission  Products  Division 
at  Basildon.  Later  he  moved  to  the  new  Optical 
Fibre  Unit  which  was  being  set  up  at  Harlow,  where 
he  worked  on  measurements,  installation  and  cable 
design  for  land  line  systems.  In  1982  Mr.  Russell 
moved  to  STC  Submarine  Systems  in  Southampton 
where  he  is  working  on  the  design  of  submarine 
cable  as  head  of  the  cable  design  section. 

Peter  Worthington  is  a  development  engineer  with 
STC  Submarine  Systems  which  he  joined  in  1974.  He 
received  a  BSc  in  Electronics  and  Electrical 
Engineering  from  the  University  of  Birmingham  in 
1971.  Since  1977  he  has  been  involved  in  the 
development  of  optical  cables  for  submarine 
systems . 

David  I.  Curtis  was  born  in  1954  in  Nottingham, 
England.  He  graduated  in  mathematics  from  the 
University  of  East  Anglia,  Norwich,  in  1980.  He 
worked  as  a  development  engineer  in  the  coaxial 
cable  industry  before  joining  STC  submarine 
Systems  in  1987,  where  he  is  involved  in  cable 
design  and  deployment  issues. 


592  International  Wire  &  Cable  Symposium  Proceedings  1991 


CMPEMA  SEAMOUNT  CHAIN 


NORTH 

PACIFIC 


LIGHTWEIGHT  LIGHTWEIGHT  SCREENED  C65  ARMOURED 
SCREENED  GROOVED  CABLE 


FIG.  1 


FIG  2 


north  pacific  cable  system 


STC  CABLE  TYPES 


FIG  3 

EMPEROR  SEAMOUNTS  CROSSING 


0.7  m/sec 

estimated 

MAX  FLOW 
RATE 


FIG. 4 

CABLE  STABILITY  IN  SEABED  CURRENT 


International  Wire  &  Cable  Symposium  Proceedings  1991  593 


FIG. 5. 
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THEORETICAL  TENSION  AND  TWIST  IN  LSWG  CABLE 
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ABSTRACT 

This  paper  reviews  advanced  fiber  optic 
submarine  systems  and  the  impact  on  related 
evolution  of  fiber  optic  technology  itself.  Forecast 
of  the  future  submarine  systems  is  presented  in 
both  cases  of  unreapetered  and  repeatered 
(regenerators  and  amplifiers)  applications. 
Examples  are  given  concerning  expected 
performances  :  distance  -  bit  rate  etc...  and 
technologies  used.  Consequences  on  relevant 
evolution  of  fiber  optics  design  and  characteristics 
are  discussed.  Possible  consequences  on  other 
applications  in  the  broadband  terrestrial  network 
are  analysed. 


I  -  INTRODUCTION 

The  s  ibma  ;ne  systems  market  is  pushing  the 
development  of  transmission  systems,  new 
technologies  and  products  in  the  field  of  fiber 
optic  for  the  following  reasons : 

•  worldwide  sales  are  rapidly  increasing  :  already 
installed  or  contracted  1982-1991  systems  sales  - 
5  5  B  US  $.  Forthcoming  projects  up  to  1995/1996 
-  9  B  US  $. 

•  More  than  60  %  of  the  world  market  is  open 
market ;  that  is  favorable  to  a  strong  economical 
and  technical  competition. 

•  The  technical  solutions  are  various  for  different 
applications  :  local,  regional,  international  and 
transcontinental  links  corresponding  to  a  large 
range  of  lengths. 


•  The  upgradability  is  generally  required  as  soon 
as  the  initial  investment  is  decided. 

The  objective  of  this  presentation  is  to  review  the 
necessary  R  and  D  program  to  satisfy  the  needs 
identified  in  these  forthcoming  projects,  in  the 
area  of  fiber  optic  technology,  developments  on 
fiber  design  and  manufacturing  methods.  Other 
applications  in  the  broadband  transmission  and 
distribution  terrrestrial  network,  such  as  in 
landline  trunk  systems,  digital  subscriber  line  or 
analogic  videocommunications  sytems  take 
benefit  of  the  progresses  achieved.  So  the 
drawbacks  of  this  fast  evolution  .  increase  of  R 
and  D  expenses,  development  cost  depreciation, 
risk  of  early  obsolescence,  multiplicity  of  research 
projects,  are  lessened  by  the  appearance  of  new 
applications  or  new  needs  (fig.  No  1 ). 


Figure  1 
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II  -  TECHNOLOGIES  FOR  SUBMARINE  SYSTEMS 
II-I  Today 

Conventional  technology  applied  today  to 
submarine  systems  is  based  on  intensity 
modulation  and  direct  detection  ; 

-  on  the  transmitter  side  information  is  impressed 
on  the  light  of  the  laser  source  through  its 
injection  current, 

-  at  the  receiver  the  light  is  detected  by  a 
photodiode  which  turns  photons  to  electrons,  that 
is  modulated  light  into  electrical  signal. 

Such  technology  allows  following  typical  features  : 

•  for  reoeaterless  systems 

HO  Mbit/s  -  200  km  -  40  dB  power  budget, 

560  Mbit/s  -  170  km  -  34  dB  power  budget 

•  for  very  long  systems,  with  regenerative 
repeaters 

560  Mbit/s  -  120  km  span  -  24  dB  power  budget 

These  characteristics  enable  to  implement  very 
interesting  systems  such  as,  for  instance 

-  DIEPPE-BRIGHTON  -  150  km  -  installed  with  140 
Mbit/s  stream  without  repeater,  which  will  be 
shortly  upgraded  at  560  Mbit/s  without  changing 
the  cable, 

-  ALMERIA-MELILLA  -  200  km  -  installed  in 

1990  -  140  Mbit/s  upgradable  to  560  Mbit/s 
without  repeater, 

-  TAT  9  transatlantic  system  -  around  6,000  km  - 
at  560  Mbit/s  -  to  be  installed  by  the  end  of 

1991 

11-2  Tomorrow  1992-1994 

But  new  research  results,  especially  with  optical 
amplification  at  1.5  jim,  give  very  attractive 
possibilities  to  increase  power  budget,  therefore 
to  increase  distance  and/or  bit-rate,  also  to 
simplify  repeaters 


An  optical  amplifier  is  made  of  an  erbium  doped 
fiber  pumped  with  a  powerful  laser  at  1.48  or 
0.98  |tm,  with  suitable  couplers  to  mix  input 
signal  and  pump  light  and  to  launch  output  light 
in  the  line  fiber  This  type  of  amplifier  offers  for 
our  purpose  better  characteristics  than  the 
semiconductor  one  does,  in  term  of  overall  gain, 
saturation  power,  sensitivity  to  light  polarization, 
noise,  linearity,  etc 

In  unrepeatered  link  field,  use  of  optical 
amplifiers  is  planned  by  end  of  1992  or  1993  to 
increase  distance  between  terminals,  as  booster 
and  preamplifier  respectively  at  transmitter  and 
receiver  sides.  Gains  of  10  (booster)  to  16  dB 
(both  booster  and  preamplifier)  are  expected  on 
power  budget  leading  to  an  increase  of  length  of 
50  to  80  km 

Instead  of  preamplifier  we  can  put  doped  fiber  in 
the  cable  just  far  enough  from  the  receiver  and 
pump  it  remotely  from  the  terminal  The  so-called 
repeater  has  no  active  components  and  therefore 
is  passive  This  offers  more  gain  than  with 
preamplifier  30  km  extra  gain  on  the  distance  is 
possible.  For  instance,  putting  the  doped  fiber 
around  45  km  before  the  receiver,  distance  of  320 
km  between  terminals  at  622  Mbit/s  seems 
realistically  achievable 


Of  course,  increasing  the  product  bit-rate  x 
distance  increases  problems  with  propagation.  At 
first  we  can,  or  must,  use  dispersion  shifted  fiber 
in  order  to  decrease  chromatic  dispersion  effect. 
We  must  also  decrease  spectrum  width  of 
modulated  light.  This  seems  possible  with  very 
promising  three  sections  lasers  which  offer  very 
narrow  spectrum  (2  MHz  for  instance)  and 
reduced  chirping  effect  if  they  are  made  with 
multi  quantum  well  structure  In  any  case  use  of 
externa)  modulator  can  avoid  the  chirping  of  the 
laser  and  this  will  be  probably  mandatory  for 
very  high  bit-rates 


Thus  components  and  devices  become  more 
sophisticated  with  hard  specifications,  difficult  to 
get  An  interesting  solution  to  relax  requirements 
on  spectral  and  dispersion  characteristics  is  to 
make  use  of  Forward  Error  Correcting  code, 
naturally  at  the  cost  of  electronics  and  small 
increase  of  line  rale. 
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We  have  implemented  a  Reed  Solomon  code 
which  is  cyclical,  of  high  efficiency  and  suitable  to 
frame  structure  of  data.  For  instance,  with  a 
redundancy  close  to  20  %,  this  code  is  able  to 
correct  8  consecutive  errors  in  100  adjacent  bits, 
in  fact  64  over  800  with  multiplexing.  Thus  bit 

error  ratio  can  jump  from  10'^  to  10'^  by  using 
FEC  code. 

In  pratice  such  a  code  works  best  for  a  no 
corrected  bit  error  ratio  lower  than  510-5  and 
guarantees  error  free  transmission.  In  addition, 
sensitivity  is  improved  by  about  5  dB  that 
increases  length  by  25  km. 


Thus,  using  ail  these  possibilities,  booster,  remote 
preamplifier,  FEC  code,  external  modulation.  JOO 
km  betv,  een  active  terminals  could  be  reasonably 
achieved  at  25  Gbit/s  by  1995- 

11-5  Later  on  -  1995/2000 

Obviously  the  technology  of  optical  amplification 
can  also  be  used  in  repeatered  systems  field  in  so 
far  as  reliability  of  components  can  be  achieved. 
In  this  case  optical  signal  which  carries 
information  is  no  longer  regenerated  but  only 
amplified  without  changing  its  optical  form.  This 
simplifies  repeater  by  avoiding  fast  electronics  for 
amplification  clock  recovery,  decision,  reshaping, 

,  and  sophisticated  optoelectronic  components. 

As  a  consequence  optical  amplifier  is  transparent 
to  the  bit-rate,  what  is  an  interesting  feature  for 
designing  systems. 

However,  about  propagation  aspect,  we  have  to 
consider  the  total  length  of  the  system,  for 
instance  5  to  10,000  km  for  transoceanic  links. 
With  such  lengths  propagation  difficulties  arise 
not  only  from  the  well-known  chromatic 
dispersion  effect  -  some  of  the  frequencies  of  the 
signal  spectrum  go  faster  than  others  and  the 
signal  spreads  out  after  propagating  along  the 
fiber  -  but  also  from  non-linear  effects,  mainly 
Kerr  self  phase  modulation  -  the  refractive  index 
of  the  fiber  changes  with  light  intensity,  leading 
also  to  an  alteration  of  the  signal  form. 


An  ideal  solution  is  to  compensate  for  one  effect 
by  the  other  and  to  use  an  optical  signal  with  well 
defined  shape  and  intensity  which  will  propagate 
without  distortion  along  the  fiber.  Such  a  signal, 
which  corresponds  to  solitary  solution  of 
equation  of  propagation  is  named  '  soliton ",  which 
owns  noteworthy  properties  of  stability  and 
preservation. 

For  instance,  one  could  think  that  the  attenuation 
of  the  fiber  would  make  disappear  the  optimal 
conditions  of  soliton  propagation  because  the 
intensity  of  the  optical  pulse  decreases  when  it 
propagates.  Fortunately  Soliton  accepts  some 
variation  of  its  intensity,  as  it  accepts  light 

fluctuation  of  fiber  parameters .  providing  that 

the  corresponding  distance  of  these  changes  is 
less  than  a  typical  length,  its  Soliton  period. 

It  is  therefore  possible  to  amplify  optical  signal 
from  time  to  time  with  optical  amplifiers  in  order 
to  compensate  for  the  attenuation  of  the  fiber. 

However  optical  amplifiers  produce  noise  and  this 
noise  combines  with  solitons  leading  to  random 
jitter  of  these  pulses.  Thus  propagation  of  very 
high  bit  rate  solitons  along  very  long  distance  is 
limited,  for  example  around  10  Gbit/s  x  10,000 
km.  All  these  considerations,  maximum  accepted 
attenuation  between  amplifiers,  too  large  jitter, 
too  high  bit  error  ratio,  give  a  trade  off  for  the 
gain  around  10  dB.  not  so  high  than  technology 
allows,  as  much  as  economy  would  like  to  get. 


Any  how  it  is  possible  to  design  very  long 
systems  with  high  bit  rate  using  in-line  optical 
amplifiers.  Not  close  to  limits  in  jitter,  in 
distortion,  in  error  rate,  the  shape  of  the  signal 
may  not  be  of  soliton  form,  that  simplifies  source, 
modulation  and  electronics.  But  in  all  cases  non 

linear  effects,  jitter  due  to  noise .  have  to  be 

considered  and  amplifier  gain  will  be  limited. 

This  is  what  is  done  to  design  the  next  generation 
of  transoceanic  systems,  with  no  regenerative 
repeaters,  only  optical  amplifiers,  probably  at  5 
Gbit/s.  with  40  to  50  km  span,  possibly  installed 
by  the  end  of  1995. 
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This  generation  just  above  mentioned  is  "soliton- 
like ",  that  means  non  linear  effects  are  taken  into 
account  but  pure  soliton  may  not  be  used.  No 
doubt  the  following  generation  will  apply  Soliton 
technology  with  probably  several  multiplexed 
very  high  bit-rate  channels  on  the  same  fiber. 

May  be  at  this  time  fluoride  glasses  will  be 
developed,  with  their  very  attractive  promise  of 
extremely  low  attenuation  ;  0.02  dB/km.  This 
would  divide  the  number  of  repeaters  by  a  factor 
of  ten,  as  well  as  increase  distance  between 
terminals  by  the  same  factor  I 

Naturally  plenty  of  work  has  to  be  done, 
especially  with  propagation  (what  will  be 
chromatic  dispersion,  what  will  be  non  linear 
effects  ?),  also  because  the  wavelength  is  not  1.5 
|im  but  2.5,  because  sources  and  detectors  are  not 
truly  available,  etc...  without  forgetting  work  on 
fiber  and  cable. 

But  progress  is  running  faster  and  faster.  We  can 
dream  and  wager  for  a  field  experiment  by  2010. 
The  stake  is  so  huge  that  we  should  win. 


Ill  -  RELEVANT  FIBER  OPTIC  TECHNOLOGY 
EVOLUTION 

Germanium  doped  standard  fiber  optic  for 
submarine  systems  operating  at  1.55  iim  up  to  1 
Gbit/s,  the  standard  fiber  optimized  at  1.3  jim  can 
be  used  with  no  penalty  on  the  power  budget.  The 
span  length  or  the  maximal  distance  of  the  system 
is  limited  by  the  fiber  attenuation.  The 
attenuation  decrease  is  achieved  by  means  of  the 
process  mastership  and  production  equipments 
quality.  To  reduce  the  splices  number,  long 
lengths  are  produced  despite  the  high  level  of 
proof  test  which  is  applied  on  all  the  fibers. 
Typically,  the  average  length  of  standard  fibers 
manufactured  by  MCVD  process  from  45  km 
capacity  preform,  is  15  km  after  1.5  %  proof  test. 
The  mean  attenuation  is  0.197  dB/km  as  shown 
on  the  repartition  curve  (fig.  No  2)  related  to  the 
link  PALERMO-PALMA-ESTEPONA. 


Alt*nHall*n  in  dS/hA  at  DSO  na 


Figure  2 

III-l  Pure  silica  core  fiber 

A  10  %  additional  decrease  of  the  attenuation, 
equivalent  to  a  cost  reduction  of  3  to  4  %  on  a 
3x560  Mbit/s  systems  3000  km  long  link,  can  be 
achieved  by  an  appropriate  selection  of  dopants 
in  the  core  and  the  cladding.  The  MCVD  process 
allows  to  deposit  pure  silica  core  layers  in  a 
substrate  tube  of  fused  or  synthetic  silica,  which 
is  fluorine  doped.  An  index  difference  An  = 

-5.10'^  can  be  obtained  by  using  an  atmospheric 
pressure  plasma  torch  through  which  is  projected 
a  mixture  of  silicon  and  fluorine  halogenides  .  The 
average  attenuation  is  Jess  than  0.18  dB/km. 

The  Spanish  domestic  link  as  mentioned  §  II.  1 
uses  pure  silica  core  fiber.  The  regeneration  span 
of  the  560  Mbit/s  system  reaches  135  km,  instead 
of  120  km  with  standard  fiber.. 

We  must  point  out  the  great  flexibility  and 
versatility  of  the  MCVD  process  for  making 
complex  index  profiles,  deposition  of  various 
dopants  and  reproducibility  of  fiber 
optogeometrical  characteristics.  The  plasma 
technology  is  particularly  adapted  to  the  fluorine 
doped  synthetic  silica  tubes  of  which  the  use  is  a 
condition  to  reduce  the  core  dopant  level  and  by 
this  way  to  reduce  the  Rayleigh  diffusion. 

IH-2  Dispersion  shifted  fiber 

The  bit  rate  increase  is  a  key  parameter  of  the 
cost  reduction  in  submarine  systems.  The  increase 
to  5  Gbit/s  of  the  future  transoceanic  system  with 
optical  amplifiers  needs  long  and  expensive 
developments  and  in  particular  those  of 
dispersion  shifted  fiber  and  rare  earth  doped 
fiber. 
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Lightguide  dispersion  shifted  fiber  is  optimized 
for  operation  in  the  1550  nm  wavelength  region. 
This  product  is  especially  intended  for  use  in  very 
high  bit  rate  optically  amplified  systems  over 
transoceanic  systems  up  to  5  Gbit/sec  over  10,000 
km.  For  use  in  such  transmission  systems,  special 
requirements  are  needed  : 

-  low  intrinsic  attenuation 

-  low  chromatic  dispersion 

-  low  polarization  mode  dispersion. 

Specific  developments  on  fiber  design  and 
manufacturing  process  are  in  progress  to  optimize 
the  transmission  characteristics. 

•  Low  intrinsic  attenuation 

The  combination  of  MCVD  performanl  process  and 
fiber  design  contributes  to  decrease  the  intrinsic 
attenuation  in  the  1550  nm  wavelength  region. 
The  process  versatility,  the  selection  of  dopants 
nature  and  contents,  and  the  index  profile 
configuration  allow  to  achieve  the  lowest  intrinsic 
attenuation. 

•  Low  chromatic  dispersion 

Optogeometrical  properties  and  process 
reproducibility  are  the  key  parameters  to  control 
with  accuracy : 

-  waveguide  dispersion 

-  zero  dispersion  wavelength 

-  adjustment  of  zero  dispersion  wavelength  with 
operating  wavelength 

-  dispersion  slope. 

•  Low  polarization  mode  dispersion 

Small  core  ovality  and  small  stress  assymetry 
generate  a  low  polarization  mode  dispersion  over 
long  distances. 

The  forecast  concerning  dispersion  shifted  fibers 
seems  presently  to  be  moving  from  moderate  to 
strong  requirements  for  the  next  generation  of 
submarine  systems  operating  at  5  Gbit/s  with 
fibers  amplifiers. 


Very  significant  progresses  have  been  made  in 
the  fabrication  of  such  fibers  in  order  to  achieve 
simultaneously  minimal  losses  (0.21  dB/km), 
minimal  dispersion  (0.05  ps/nm.km  at  the  system 
wavelength),  and  low  polarization  dispersion 
(<  0.20  ps/km^^^).  Trapezoidal  index  profile  fiber 
configuration  has  been  optimized. 

111-3  Erbium  doped  fiber 

The  Erbium  doped  fiber  will  be  used  in  lumped 
repeaters,  booster  amplifiers  and  preamplifiers 
The  doping  concentration  is  close  to  100  ppm,  the 
fiber  length  is  10  to  100  meters  and  the  amplifier 
gain  is  depending  on  concentration  and  length. 
The  optimization  of  this  product  is  going  on 
Generally  the  core  composition  is  an  aluminium 
and  germanium  codoped  silica.  For  preform 
making,  MCVD  process  can  be  used;  Erbium 
introducing  method  is  made  up  from  a  gaseous 
phase  or  liquid  phase.  Specific  measurements 
methods  must  be  developed  for  high  value  of 
index  difference  and  Erbium  radial  distribution 
control 

Another  future  use  of  Erbium  doped  fiber  could 
be  as  distributed  amplifier  for  soliton 
transmission.  Long  lengths  of  Erbium  doped 
dispersion  shifted  fiber  could  be  needed  with 
very  low  attenuation  and  low  polarization 
dispersion.  The  doping  concentration  should  be 
decreased  to  less  than  1  ppm.  Some  explorations 
started  on  such  fiber 

At  least,  to  improve  lifetime  of  Erbium  doped 
fiber,  particularly  when  stored  in  lumped 
amplifiers,  a  carbon  hermetic  coating  will  be 
applied  on  the  fiber. 


II1-4  Fiber  based  passive  components 

Different  technologies  are  under  investigation  or 
industrially  developed  to  produce  passive 
components  Integrated  optic  on  glass  or  silicon 
and  fiber  fusion  technique  are  currentlv  used  for 
making  couplers,  multiplexers,  splitters,  etc..  In 
the  optical  amplifier  some  passive  components 
are  needed  with  specific  and  strong  requirements. 
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Technologies  and  performances  characterization, 
qualification.  quality  insurance  and 
manufacturing  tests  are  performed  to  select  the 
best  and  the  most  reliable  component  for  a  given 
function.  Fusion  technique  using  all  types  of  fibers 
as  described  in  the  previous  paragraph  is 
particularly  performant,  reliable  and  harsh 
environment  resistant,  and  could  be  qualified  as 
component  in  submerged  amplifiers. 

Fiber  based  passive  components  could  be  used  in 
the  future  analogic  broadband  distribution 
network,  in  the  booster  amplifier  and  in  the  cable 
plant  as  coupler  and  splitter,  taking  benefit  of  the 
submarine  qualification. 


CONCLUSION 

The  weight  of  the  submarine  systems  in  the 
future  broadband  communication  network  is 
considered  as  heavy.  The  trends  of  the  technology 
have  been  shown  to  improve  cost  and 
performances  of  the  sumarine  systems  repeatered 
or  not.  in  several  steps  up  to  the  end  of  century. 
The  direct  impact  on  optoelectronic  components 
and  fiber  optics  development  program  has  been 
pointed  out  and  the  case  of  fiber  optics  has  been 
especially  examined.  In  the  field  of  fiber 
technology,  more  and  more  technological 
developments  are  required  to  improve  processes, 
to  specify  new  special  design  and  to  reach  the 
absolute  quality;  the  main  axes  of  development 
have  been  reviewed. 
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Abstract 


An  innovative  multi-fiber  optical  submarine  cable 
containing  up  to  48  optical  fibers  has  been  developed 
for  application  to  trunk  optical  cable  networks. 
This  new  type  of  cable  provides  a  major  advance  in 
construction  efficiency  for  optical  submarine 
transmission  spans.  This  cable  was  commercially 
introduced  in  1991.  This  paper  introduces  multi¬ 
fiber  optical  submarine  cable  technologies,  and 
presents  the  first  commercial  test  results. 

1.  Introduction 

Since  Japan  is  a  nation  of  islands,  submarine 
telecommunication  cables  have  played  very  Important 
roles  In  the  construction  of  telecommunication 
networks.  Optical  submarine  cables  have  been 
deployed  primarily  for  trunk  transmission  lines  since 
1983  in  Japan.  From  the  initial  stage  of 
introduction,  NTT's  conventional  optical  submarine 
cables  have  been  accommodated  a  ma.ximum  of  12  optical 
fibers.  More  than  3,000  km  of  cables  have  been 
introduced  to  date. 

Because  of  environmental  extremes  which  affect 
operation  the  necessity  for  long-term  reliability, 
especially  mechanical  stability  for  submarine 
environments,  there  is  much  more  demanding  placed  on 
submarine  cables  than  on  terrestrial  cables. 
However,  increase  of  cable  diameter  due  to  the 
multiplication  of  fibers  in  the  cable  reduces 
mechanical  performance.  Moreover,  it  causes  some 
difficulty  in  cable  handling  or  mismatching  at  cable 
installation  faciliti&s.  The  now  cable  maintains  the 
same  size  and  weight  as  conventional  optical 


submarine  cables.  There  is  no  parallel  to  this  multi- 
fiber  optical  submarine  cable  which  is  capable  of 
being  submerged  to  several  thousands  of  meters. 

This  paper  describes  the  necessity  of  multiplying 

the  fiber  count  in  an  optical  submarine  cable  and  the 
basic  concepts  behind  48-fiber  optical  submarine  cable 
design  and  cable  characteristics,  cable  jointing 
techniques.  The  first  commercial  test  results  are 
also  provided  showing  excellent  transmission 
characteristics.  These  also  show  that  the  new  cable 
has  sufficient  practical  performance  to  play  a  part 
in  the  construction  of  the  fiber  optic  submarine 
network. 

2.  Significance  of  Fiber  Multiplication 

for  Fiber  Optic  Submarine  Transmission  Lines 


The  introduction  of  optical  fibers  into 
telecommunication  transmission  lines  brought  drastic 
cost  reductions  in  the  construction  of  large-capacity 
transmission  line  facilities  due  to  extended  repeater 
spans.  When  optical  fibers  were  first  introduced, 
repeater  spans  were  extended  over  several  tens  of 
kilometers.  However,  there  are  some  current  systems 
which  have  more  than  a  hundred  kilometers  of  repeater 
spans  .  Moreover,  in  the  research  stages,  mar^ 
experimental  results  concerning  very  long-span 
transmissions  accompanied  by  improvement  in  both 
coherent  transmission  and  optical  amplifier 
techniques  are  reported.  For  example,  a  364-km 
repeaterless  transmission  that  employs  2.5  Gb/s  OTSK 
heterodyne  detection  method  and  EDF  amplifier  as  a 
post-amplifier'*’  ,  and  a  2,200-km  long-distance 
transmission  using  25  in-line  EDF  amplifiers  have 
txMin  reported"”  .  These  reports  will  have  greater 
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impact  on  optical  submarine  transmission  lines 
especially  for  domestic  use  due  to  the  use  of  extended 
repeaterless  sections  necessary  to  bridge  longer 
distance. 

Some  general  advantages  of  repeaterless  systems 
over  repeatered  systems  are  mentioned,  such  as  cost 
effectiveness  as  submarine  repeaters  and  electrical 
(X)wer  supply  equipments  is  not  necessary,  increased 
reliability  free  from  trouble  caused  by  holding  up 
power  feed.  Espacially,  the  greatest  advatitage  is 
easy  upgradabi 1 i ty  to  more  advanced  transmission 
systems  which  are  compatible  with  terrestrial 
transmission  e<)ui;)ment,  as  a  matter  of  course,  these 
equipment  have  no  restriction  in  the  number  of 
transmission  .systems  to  be  set  up.  This  means  that 
repeaterless  systems  are  basically  the  same  as 
terrestrial  systems. 

Though  submarine  transmission  lines  need  no 
underground  facility  and  enable  the  construction  of 
long  span  routes  over  short  periods  of  time  compared 
with  terrestrial  routes,  however,  there  are  several 
problems  with  transmission  route  design  because  of 
much  smaller  number  of  optical  fibers  in  a  submarine 
cable  than  in  a  terrestrial  cable.  Tor  e.xample, 
('xchange  of  multiplexing  between  the  sutwiarinc  .section 
and  terrestrial  section  at  the  cable  landing  points 
makes  networks  compl icated,  and  plural  installations 
over  the  saire^  submarine  .section  leads  cost  increase. 
Therefore,  arrangements  for  transmission  line 
facilities  to  enable  to  coordinate  submarine  sections 
with  terrestrial  .scx’tions  have  teomc'  indispensable. 

To  design  sulxnurine  cables  with  the  same  maximum 
number  of  optical  fibers  as  terrestrial  cables 
confers  to  make  networks  simpler  and  to  reduce 
construction  and  maintemance  costs  of  transmission 
lines.  Accompanied  by  extensions  in  repeaterless 
spans,  fiber  optic  '-ubmarine  transmissions  will  be 
more  widely  deployed  not  only  for  conventional  usage 
such  as  channel  crossing  or  linking  the  mainland  with 
isolated  islands,  but  al.so  for  linking  large  coastal 
cities  (Inter  city  Trunk  Line)  and  allowing  trunk 
loofis  to  tx?  made  to  link  many  isiands  and  .so  on  "  . 

Thus  48  fiber  optical  submarine  cable  has  been 
developed  in  order  to  satisfy  present  and  future 
demand  for  multiplying  optic:al  fibers  in  submarine 
t ransm i ss ion  I  i rx^s  (Tig.  1 ) . 
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Fig.  1  Expansion  of  application  areas  for  optical 
submarine  cable  by  progress  of  technologies 


3.  Cable  Design 


3. 1  Basic  Concepts 

Figure  2  shows  a  cross  section  of  NTT's 
conventional  optical  submarine  cable'”  .  Most 
current  optical  fiber  cables  employed  around  the  world 
are  based  on  the  following  structure,  namely  an 
optical  unit  is  accommodated  in  the  centor  of  the 
cable  core,  a  pressure-resistant  and  tensile-member 
composite  shell  encloses  the  optical  unit.  This 
cable  shell  not  only  protects  the  optical  unit  against 
mechanical  pressure  but  also  functions  as  a  hermetic 
layer  shutting  out  external  moisture  and  the  adverse 
effects  of  hydrogen  which  would  cause  optical  loss 
increases.  The  basic  cable  structure  is  formed  by- 
sheathing  polyethelene  around  this  shell.  Many 
required  conditions  need  to  be  satisfied  in  the 
design  of  optical  submarine  cables  as  illustrated  in 
Tig. 3.  Conventional  cables  are  manufactured  to 
satisfy  these  requirements. 

Problems  caused  by  drastically  increasing  the 
number  of  fibers  in  submarine  cables  primarily 
originate  in  the  increase  of  the  outer  diameter  of 
the  optical  unit.  Similar  increases  of  cable  cross 
sectional  structures  with  the  aim  of  accommodating 
more  fibers  causes  losses  in  cable  long  span 
productivity  arxl  more  difficult  during  construction. 
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There  are  some  trials  to  design  making  cable  shell 
structures  simple  such  as  open  type  cables  using 
hermetic  optical  fibers  .  However,  some  problems 
remain  regarding  the  pressure-resistivity  of  such  kind 
of  cables. 

The  48-fiber  optical  submarine  cable  was  designed 
to  best  suit  repeaterless  submarine  sections  under 
several  thousand  of  meters  of  water,  making  full  use 
of  proven  conventional  cable  techniques  to  be  earlier 
practice.  Cross  sections  of  the  new  optical  cable  are 
shown  in  Fig. 5.  To  increase  fiber  density,  the 
following  techniques  have  principally  been  applied 

(1)  Up  to  48  fibers  are  accommodated  in  an  optical 
unit  which  consists  of  four  twined  12-fiber  optical 
subunits. 

(2)  In  order  to  expand  the  inner  diameter  of  the 
pressure-resistant  shell,  the  inner  pipe  of  the 
conventional  cable  has  been  removed.  Instead  of 
this,  a  complex  pressure- resistant  layer  consisting 
of  single-layer  steel  strands  covered  with  copper 
tubing  has  been  deployed. 

This  new  cable  has  attended  a  fiber  density  four 
times  higher  than  a  conventional  one,  maintaining 
both  outer  diameter  and  weight.  The  main  features  of 
the  new  cable  compared  against  conventional  cable  are 
shown  in  Table  1. 


Optical  unit 


Fig.2  Structure  of  conventional  cable 


Fig.  3  Relationship  between  requirements  for  cable  design 
and  problem  due  to  multiplication  of  optical  fiber 


Fig. 4  Structures  of  48-fiber  optical  submarine  cable 


Table  1  Main  features  of  multi-fiber  cable 
and  conventional  cable 


Items 

Multi -fiber 
Cable 

Conventional 

Cable 

Maximum  number  of 

48 

12 

optical  fibers 

Outer  diameter 

22.5 

22.5 

(  mm  ) 

Weight  ( in  ai r  ) 

1.2 

1.2 

(kg/m)  ( in  water) 

0.45 

0. 45 

Breaking  tension 

10 

10 

(  tons  ) 
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3.2  Optical  Unit  Structure 

The  optical  unit  consists  of  optical  subunits 
which  is  formed  of  single  optical  fibers  arranged 
around  a  center  wire  and  coated  with  three  layers  of 
UV  curable  resin.  This  subunit  is  similar  to  the 
optical  unit  in  a  conventional  cable  and  has  proven 
long-term  reliability  in  the  field.  It  has  superior 
characteristics  such  as  stability  against  temperature 
changes,  repressed  water  penetration,  lower  hydrogen 
generation,  and  ease  of  manufacture  . 

In  order  to  accommodate  more  fibers  in  a  limited 
space,  the  diameter  of  the  coated  fiber  has  been 
reduced  from  400 /^m  to  250 //m  which  is  the  same  as 
that  for  terrestrial  use.  Figur"  5  shows  the 
relationship  between  the  number  of  fibers  in  a 
subunit,  the  number  of  stranded  subunits  and  the  total 
fibers  accommodated.  As  a  result,  four  12  fiber 
subunits  for  the  optical  unit  has  boon  employed. 

The  optical  unit  structure  which  consists  of 
stranded  optical  subunits  has  no  resemblance  to  any 
submarine  cables  in  use  around  the  world.  Combined 
subunits  are  also  coated  with  IV  curable  resin  to 
enabU'  suppressed  water  penetration. 


10  40  60  80  100 


Number  of  accommodated  fibers 


Fig  5  Relationship  between  number  of  fibers  in  a  subunit  and 
the  number  of  subunits  and  total  accommodated  fibers 


3.3  Cable  Shell  Structure 

In  order  to  protect  the  optical  unit  inside,  the 
cable  shell  must  not  to  be  crushed  by  lateral  force 
or  elonged  by  tension.  In  conventional  cable, 
sufficient  thicked  iron  pipe  enclosing  the  optical 
unit  and  steel  strands  around  the  pipe  function  act 
as  the  pressure-resistant  layer  and  the  tensile- 
member,  respectively.  To  accommodate  thicker  optical 
units,  the  shell  for  multi-fiber  cable  has  had  its 
inner  diameter  expanded  by  removing  the  iron  pipe 
(Fig.6). 

The  maximum  lateral  pressure  exerted  on  the 
submarine  cable  is  10  kgf/mm,  from  cable  installation 
equipment  on  a  cable  ship.  The  cable  shell  was 
designed  to  resist  lateral  force  by  pushing  forces 
between  the  steel  wires  which  also  function  as 
tensile-member  and  surrounding  copper  tube.  Figure  7 
shows  the  relationship  between  the  number  of  steel 
wires  and  the  strain  on  the  shell  pipe  under  assumed 
lateral  pressure.  As  can  be  seen,  the  number  of  wires 
is  limited  to  less  than  10  to  prevent  shell 
deformation. 

On  the  other  hand,  a  cable  breaking  tension  of 
over  10  tons  is  required,  however,  excessive  wire 
diameters  cause  greater  weight  which  should  be 
avoided.  The  designed  region  decided  by  these 
restrictions  is  the  hatched  area  in  Fig. 8.  As  a 
result,  the  maximum  inner  diameter  of  the  cable  shell 
is  5.5  mm. 

To  make  copper  tubing  fit  the  periphery  of  the 
circularly  arranged  steel  wires,  small  diameters  of 
steel  wire  fill  up  the  gaps  between  the  main  wires 
and  tubing. 


(a)  Conventional  cable  Multi-fiber  cable 

Fig.6  Structure  of  pressure-resistant  function 
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Table  2.  Varieties  of  Cables 


c 

nj 

CO 


1  Okg/mm 


J.. .  y..  y. .  .-.f.y-.l.y-y 


8  1  O  12 

Number  of  wires 

Fig.  7  Relationship  between  pipe  strain  due  to 
lateral  force  and  number  of  wires 


Fig.  8  Relationship  between  Restrictions  in  Cable  Shell 
Design  and  Inner  Diameter  of  Cable  Shell 


3.4  Cable  Jackets  and  Armor  Structurc.s 

The  structures  of  polyethelene  sheaths  and  steel 
armor  are  the  same  as  for  conventional  cable.  Table 
2  lists  varieties  of  optical  submarine  cables.  These 
cables  are  used  according  to  .sea  depths  or  conditions 
of  the  .sea  tot  tom. 


1  terns 

Structure 

AppI icat ion 

Armor- 

less 

Type 

Light- 

weiht 

Cable 

LDPE  +  HDPE 

(O.D.  :  22.5  mm) 

Mid-deep  sea  areas 

Bur iable 
Cable 

LDPE  +  HDPE 

(Thicked) 

(O.D.  ;  29  mm) 

Sha 1  low  sea  areas 
Cable  burying 
sect  ion 

High- 

reinforced 

Cable 

LDPE  +  HDPE 

+  Steel  tape 
+  HDPE 

(O.D.  :  31  mm) 

Mid-deep  sea  areas 
Protection  from 
abrasive  damage 
or  shark  bite 

Armored  Cable 

Normal  cable 
+  single  or  double 
steel  armor  layer 
(armor  diameter: 

5  mm  .  7  mm  ) 

Shal low  sea  ares 
Buried  or  non- 
bur  led 

3.5  Characteristics 

Table  3  shows  test  results  for  the  new  cable  under 
the  same  test  conditions  as  for  conventional  cable. 
Every  result  is  equal  to  conventional  ones.  Tension- 
elongation  characteristics  for  armorless  cable  are 
plotted  in  Fig. 9,  which  suggest  this  cable  has 
sufficient  mechanical  characteristics  for  deep  sea 
use.  The  maximum  water  depth  for  the  new  cable, 
calculated  from  the  fatigue  theory,  considering 
normal  processes  of  cable  laying  and  recovery 
including  10  hours  of  holding  time  for  repairs,  is 
2,000  m  even  when  1  %  strain  proof  tested  fibers  are 
used  .  The  increase  in  strain  on  fibers  while 
cables  are  bent,  is  originated  in  the  increase  of 
radius  for  fiber  layers  of  optical  unit,  and  that 
greatly  influences  the  maximum  depth  of  cable 
instal lation  at  sea. 

The  capacity  to  withstand  a  maximum  water  depth  of 
2,000  m  is  sufficient  for  domestic  use.  However,  as  a 
matter  of  course,  this  cable  can  be  used  at  deeper 
depths,  if  2  %  strain  proof  tested  fibers  are 
cm})  loved. 
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Table  3.  Test  results  of  manufactured  cable 


Items 

Test  conditions 

Results 

Temperature 

change 

Optical  loss  change 
:  Within  ±  0.001  dB/km 

Lateral 

pressure 

10  kg/rmi  :  1  hour 

No  loss  increase 

Water 

pressure 

800  kg/cm':  0.5  hour 

No  loss  increase 

Water 

penetration 

Water  :100kg/cni’ 

pressure  :550  kg/cm 

24  m  /  1290  min. 

80  m  /  290  min. 

Bend i ng 

Rad  i  us  :  0. 4  m 

1/2  turn 

Loss  change: 0.003  dB  Max 
(recovery  after  release) 

Tension  (ton) 

Fig. 9  Tension-elongation  characteristics 


4.  Cable  Jointing  and  Multi -fiber  Treatment  Techniques 

Accompanied  by  the  multiplication  of  cables,  cable 
jointing  equipment  (joint-box)  has  also  been  altered. 

The  main  functions  of  the  joint  box  are  to  connect 
tensile-members  of  each  cable  and  to  position  and 
store  spare  optical  fibers.  To  joint  tensile- 
members,  conventional  techniques  are  available, 
because  conventional  collective  wire  chucking  method 
is  not  influenced  by  changes  in  the  number  or  diameter 
of  steel  wires  .  Therefore,  the  fundamental 
structure  primarily  determined  by  the  first  function 
above  is  similar  to  a  conventional  joint  tx3x. 

On  the  other  hiind.  now  techniques  of  fiber  storage 
have  been  employed  in  order  to  maintain  both  joint 


box  outer  diameter  and  length  of  the  main  straight 
part  as  much  as  possible,  against  increases  in  the 
number  of  stored  fibers.  With  the  conventional 
method,  spare  fibers  were  wound  around  the  fiber 
storage  bobbin.  When  handling  a  small  number  of 
fibers,  the  convent ioml  method  is  best  way  to  house 
fibers  in  compact  spaces.  However,  an  increase  in 
the  number  of  fibers  and  a  reduction  in  coated  fiber 
diameter  cause  an  increase  in  optical  loss  after 
stored  due  to  fiber  cross  over  on  the  bobbin  and  other 
difficulties  in  the  handling  or  ordered  arrangements 
of  fibers.  For  the  multi-fiber  cable,  spare  fibers 
are  arranged  in  six  piled  trays  each  eight  fibers 
coiled  into  small  loops  (Fig. 10).  This  method  has 
been  adapted  from  the  terrestrial  fiber  treatment 
technique. 

Against  the  increase  in  fiber  counts,  it  is  also 
essential  to  splice  fibers  efficiently,  as  the  time 
for  cable  jointing  is  limited  when  cable  repairs  are 
conducted  on  a  cable  ship.  As  a  result,  the  mass- 
fusion  splicing  method  which  had  proven  efficiency  in 
terrestrial  ribbon-fiber  splicing  has  been  applied  to 
submarine  cable'"’  .  In  order  to  adopt  mass -fusion 
splicing  to  single  fibers  of  the  new  submarine  cable, 
a  method  has  been  employed  to  position  four  fibers 
vertically  in  line  and  bind  them  together  with 
adhessive  (Fig. 11).  The  spliced  part  of  the  four 
fibers  are  reinforced  as  a  group.  This  also 
contributes  to  efficient  fiber  storage  because  it 
saves  space. 

Conventional  Method 


Fig. 10  Fiber  storage  method  in  joint-box 
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UV  curable  resin 
Coated  fiber 


Wire 

10 

/ 

Coated  fiber 


(Cleaning)  Arrangement 


Subun i \ 


Pseud-Tape 

Fig. 11  Mass-fusion  splicing  process  for 
temporary  arranged  optical  fiber 


5.  Conmercial  Introduction 

5.1  Outline 

A  new  multi-fiber  optical  submarine  cable  was 
introduced  on  Kyusyu  into  the  section  between  Kumamoto 
(Hondo  city)  and  Nagasaki,  in  March  1991  for  the 
first  time  (Fig.  12).  The  repeater  span  for  this 
section  is  78  km  including  27  km  of  submarine 
section.  The  transmission  system  is  the  F-600M 
System  conforming  to  SDH  with  a  transmission  speed  of 
600  Mb/s  . 

The  cable  employs  twenty-four  1.5  /^m  dispersion- 
shifted  optical  fibers  which  have  proven  their  high 
transmission  performance  in  the  field  and  realize 
maximum  repeater  span  of  120  km  for  current  system. 

Commercial  tests  have  been  carried  out  in  this 
section  to  evaluate  the  new  cable's  performance  by 
investigating  its  transmission  characteristics  through 
processes  from  cable  manufacture  to  construction. 

5.2  Commercial  Test  Results 
5.2.1  Cable  Manufacturing 

The  optical  unit  for  the  introduced  cable  consists 
of  two  subunits  each  accommodating  twelve  l.5f/m 
dispersion  Shi f ted  optical  fibers,  and  two  dummy 
subunits.  Thinner  optical  fiber  can  be  spliced  by 
high  strain  proof  method  within  the  optical  subunit  as 
well  as  for  conventional  cable.  Consequently.  27.3 


km  of  cable  is  manufactured  in  single  cable  piece. 
The  cable  is  armored  with  steel  wires  with  diameters 
of  7  iim. 

Optical  loss  changes  for  twenty-four  fibers  were 
measured  through  the  cable  manufacturing  stages  from 
subunit  to^polyethelene  sheathing.  Measurement 
results  are  shown  in  Fig. 13.  The  value  of  loss  change 
is  0.0018  dB/km  on  average,  0.005  dB/km  at  maximum. 
These  values  permit  practical  use. 


Fig. 12  First  introduction  route 


\  Optical  subunit 

MANUFACTURING  STAGES  2  Optical  unit 

.3.  Copper  tubing 
•  f  Sheathing 

Fig.  13  Loss  changes  during  cable  manufacturing 
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Loss  Change  (dB/kni  Cable  Tens  ion  (ton) 


5.2.2  Cable  Installation 
The  cable  was  installed  by  cable  ship  and  buried 
all  section  by  plow  type  cable  burying  machine  at  the 
same  time.  The  maximum  water  depth  and  burying  depth 
were  72  m  and  110  cm,  respectively.  Cable 
installation  was  carried  out  over  8  hours. 

Figure  14  shows  loss  changes  and  cable  tension 
during  cable  installation.  Two  sets  of  loop-returned 
optical  fibers  (54  km  for  each  loop)  were  measured  at 
wavelengths  of  1.55«m  and  1.65//m.  Each  measurement 

result  shows  insignificant  loss  changes. 

From  these  results,  no  occurance  of  significant 
loss  changes  was  verified  in  the  commercial  test. 
This  means  the  new  cable  has  sufficient  peformance  to 
maintain  excellent  transmission  characteristics  for 
the  optical  fibers  accommodated. 


0  5  10  15  20  24 


Installed  Cable  Length  (km) 
Fig.l4  Loss  changes  during  cable  installation 


6.  Future  Prospects 

The  object  of  development  behind  the  48  fiber 
optical  submariru!  cable  is  the  construction  of  an 
efficient  transmission  line  for  submarine  sections. 
As  a  result,  the  construction  cost  of  cable  per 


optical  fiber  has  been  remarkably  reduced  in 
comparison  to  the  plural  installation  of  conventional 
cable.  However,  as  shown  in  Fig. 15,  conventional 
cable  has  economical  advantages  over  the  new  cable 
with  fiber  counts  of  less  than  12.  Further, 
conventional  cable  is  designed  most  suitable  for 
repeatered  systems  which  need  a  maximum  of  six 
fibers.  Therefore,  the  two  types  of  cables  will  be 
selected  according  to  the  number  of  optical  fibers  for 
transmission  lines,  for  the  time  being. 

As  present  terrestrial  trunk  cables  have  fiber 
counts  of  100  and  more  than  this  in  the  near  future, 
submarine  cables  hope  to  rival  these  counts.  To 
attain  about  100-fibers  in  a  submarine  cable,  a  basic 
change  in  the  structure  of  the  cable  is  necessary. 
In  addition,  once  a  submarine  cable  is  damaged, 
higher  counts  of  fiber  in  a  cable  brings  larger 
trouble  in  telecommunication  because  whole 
transmission  lines  in  the  cable  are  out  of  services 
while  the  cable  is  repaired.  Consequently  greater 
advances  in  submarine  cable  construction  technology 
are  also  necessary  to  prevent  high-counts  fiber 
submarine  cables  from  troubles  due  to  external 
factors. 


Fig.  15  Construction  cost  per  fiber  counts  for 
multi-fiber  cable  and  conventional  cable 
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T.  Corx’ Ills  ion 

This  paper  has  described  multi  fiber  optical 
submarine  cable  technologies,  and  it  has  detailed 
excellent  results  for  the  first  commercial 
introduction  of  the  new  cable-  The  48-fiber  optical 
submarine  cable  will  be  deployed  over  several 
repeaterless  optical  .submarine  transmission  routes 
around  the  country  in  the  near  future.  The  role  of 
this  new  type  cable  will  become  increasingly  important 
as  it  is  more  widely  deployed. 
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OPTICAL  SUBMARINE  CABLES  WITHOUT  SUBMERGED  REPEATERS 
FOR  THE  ITALIAN  565  Mbit/s  COASTAL  HOPPING  NETWORK  ("FESTOON  PROJECT") 


A.Bolza,  F.Magnani,  E.Occhini 


Pirelli  Cavi  S.p.A.,  Milan,  Italy 


Abstract 

The  paper  gives  in  the  first  part  a  description  of 
the  dispersion  shifted  optical  fibers  used  in  the 
Italian  565  Mbit/s  coastal  hopping  network  and  of 
the  general  characteristics  of  the  transmission 
system  adopted.  A  reference  is  also  made  to  the 
experiments  in  progress  with  optical  amplifiers. 
These  devices  can  be  envisaged  either  to  increase 
the  unrepeatered  cable  lengths  of  future  links  or 
to  allow  an  increase  in  the  transmission  capacity 
of  an  already  installed  link. 

The  second  part  is  devoted  to  the  design  and 
manufacture  of  the  submarine  cables,  including  the 
discussion  of  the  physical  characteristics 
required  during  laying  and  recovery  and  the  tests 
performed. 

Successively,  in  the  third  part,  the  laying 
procedures  are  described,  together  with  the  cable 
ship  used  and  her  facilities.  Near  the  shore, 
where  the  risk  of  damage  caused  by  trawlers  or 
anchors  is  higher,  the  cable  is  reinforced  and 
designed  to  be  buried  in  the  sea  bottom. 

1 .  Introduction 

In  the  mid  Eighties  the  Italian  Post  Office  (ASST) 
decided  to  realize  a  nationwide  long  distance 
optical  network  involving  6500  km  of  land  cables 
and  1350  km  of  submarine  cables.  Shortly 
afterwards,  however,  the  rapid  increase  in  traffic 
and  the  need  to  enhance  the  Italian 
telecommunications  infrastructure  in  the  European 
context  required  a  further  strengthening  of  the 
long  distance  network.  This  led  to  the  development 
of  a  565  Mbit/s  coastal  hopping  submarine  system 
without  submerged  repeaters,  commonly  known  as 
"Progetto  Festoni"  (Festoon  Project).  The  first 
phase  of  this  project,  which  involved  the 
installation  of  approximately  1800  km  of  optical 
cables  along  Italy's  western  coast,  was 
implemented  between  late  1989  and  early  1991 . 

2.  The  Italian  Coastal  Hopping  Network 

The  Italian  565  Mbit/s  coastal  hopping  network 
consists  of  a  system  of  submarine  links  all  along 
the  Italian  coast,  the  first  phase  of  which 
connects  the  nodes  of  the  land  network  from  Genoa 
to  Palermo  in  the  Tyrrhenian  Sea  (see  Fig.l).  The 
average  length  of  the  links  is  about  146  )an  with  a 
maximum  of  182  km  (see  Table  1).  The  system 
operates  at  the  same  bit  rate  of  the  ASST  land 
network  and,  as  requested  by  the  customer,  does 


not  employ  submerged  repeaters. 

Taking  into  account  the  environmental  conditions 
of  this  project  the  use  of  submarine  cables  had 


many  advantages  over  land  cables,  the  most 
important  being; 

a  very  significant  reduction  in  installation 
time  resulting  from  the  intrinsic  speed 
advantages  of  submarine  laying  compared  with 
land  installation,  particularly  in  densely 
populated  areas; 

the  elimination  of  the  problems  related  to  the 
attainment  of  rights  of  way,  which  can  cause 
major  delays  in  land  projects  or  even  make  them 
impossible; 

the  possibility  of  exploiting,  as  a  back-up  to 
the  land  network,  a  completely  independent 
system  having  the  same  transmission 
characteristics  so  that  the  submarine  and  the 
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land  links  constitute  a  completely  integrated 
network. 


TAB.  1  -  Actual  Length  of  the  Links  (km) 


Of  course  this  ambitious  project  involved  the  use 
of  very  sophisticated  equipment  and  cables  to 
reach  the  performances  required  for  the 
transmission  of  565  Mbit/s  over  lengths  of  almost 
200  km  without  submerged  repeaters.  On  the  other 
hand,  a  significant  reduction  of  the  submarine 
lengths  in  order  to  use  more  standard  equipment 
and  cables,  would  have  made  the  solution  much  less 
attractive  both  from  an  economical  and  a  technical 
point  of  view. 

3 .  Optical  Fiber  Characteristics 

The  main  characteristics  of  the  565  Mbit/s 
transmission  system  are  indicated  in  Table  2. 
Since  unrepeated  links  having  lengths  of  the  order 
of  200  km  with  an  overall  dispersion  <  600  ps/nm 
were  required,  the  only  possible  choice  was  to  use 
Dispersion  Shifted  (D.S.)  fibers.  As  is  well 
known,  D.S.  fibers  have  a  special  distribution  of 
the  core  refractive  index  in  order  to  locate  the 
point  of  zero  dispersion  in  the  proximity  of  the 
wavelength  corresponding  to  the  so  called  third 
window  (1550  nm),  where  the  attenuation  of  silica 
based  fibers  reaches  its  minimum. 

This  choice  implied  a  slight  increase  in 
attenuation  compared  to  conventional  single  mode 
fibers,  so  that  it  was  necessary  for  the  longest 
links  to  establish  a  selection  procedure  in  order 
to  maintain  the  attenuation  <  0.2  dB/km. 

In  Table  3  the  relevant  characteristics  of  the 
optical  fibers  used  in  the  project  are  collected. 
In  Figs.  2  and  3  a  typical  refractive  index 
distribution  ana  the  corresponding  behaviour  of 
the  fiber  dispersion  are  indicated. 

At  this  point,  comparing  Tables  2  and  3,  it  is 
easy  to  verify  that  in  these  conditions  maximum 
lengths  of  the  order  of  200  km  without  signal 


regeneration  are  actually  feasible.  As  already 
mentioned  the  longest  link  of  the  project  has  a 
length  of  182  km. 


.  ..iT'.'AL  S'JURCF: 

LASER  :r:GaAtE  DFH; 

.  PH^.TO  I'-KTKrroR: 

APD  I'-iGdAii; 

.  WAVELKN'JTH: 

I  u  5  S  1  S  7  rjT  ; 

1.  SPECTRAL  WIDTH  OF  OPTICAL  SOURCE 

AT  HALF  AMPLITUDE; 

0.2  n-T ; 

typical  output  power  of 

THE  OPTICAL  SOURCE: 

■>  -  j  .  8  dBn ; 

.  TYPICAL  POWER  AT  S  POINT; 

>  •  1.4  (iBrr. ; 

.  TYPICAL  SENSITIVITY 

RECEIVER  FOR  BER  =  10  ; 

<  -  -  4 1 .  H  dBm : 

.  TYPICAL  SENSITIVITY  AT  POINT 

R 

FOR  BER  -  10  : 

<  -  -4C.1  dBm; 

.  EQUIPMENT  MARGIN: 

I  dB; 

.  AVAILABLE  ATTENUATION 

BETWEEN  POINTS  S  AND  R: 

40.8  dB; 

.  MAXIMUM  DISPERSION  BETWEEN 

POINTS  S  AND  R: 

feCC  ps/rjr. 

TAB.  2  -  Electro-Optical  Characteristics 

of  the 

System 

•-'•PT :  :a:.  charactf.r  :  st  :  cs 

.  FI  BEK  TYPE; 

SINGLE  MODE,  DISPERSION 

SH I ETED ; 

.  OPERATING  WAVELENGTH  RANGE 
.  ATTENUATION  FOR  CCNNECTIOS 

1535  ^  187b  nm; 

LENGTH  •;  IfcC  'xr: 

<0.^2  dB/Xm  at  :535'Ib75  nm. 

.  ATTENUATION  FOR  CONNECTION 

LENGTH  >  ibC  Kn: 

<0.2C  dB/km  at  1538-1575  nm; 

.  TOTAL  DISPERSION: 

<3  psec/(nm  km)at  1535r  I575rur; 

.  CUT-OFF  WAVELENGTH: 

1270  •  150  nm: 

.  REFRACTIVE  INDEX  DIFFERENCE: 

0.9%  (NOMINAL) . 

L I MENS : ONAL  CHARACTER  I  ST  I CS 

.  MODE  FIELD'  DIAMETER: 

8.1  »  0.7  urn; 

.  DIAMETER  OVER  THE  CLADDING: 

125  ?  :  pin; 

.  MODE  FIELD  ELLI  PTICITj*  : 

<  10%; 

.  CLADDING  ELLlPTICirt’: 

.  ECCENTRICITY  BETWEEN 

S  2%; 

MODE  FIELD  AND  CLADDING; 

<  1  . 

HECHANICAI.  CHARACTERISTICS 

.  MINIMUM  BENDING  RALIU.S; 

4C  nm ; 

.  "SCREEN  TEST": 

:  .  8% 

TAB.  3  -  Summary  of  the  Fiber  Characteristics 

Finally,  from  the  point  of  view  of  mecha.nical 
characteristics,  the  screening  test  applied  to  all 
fibers  corresponds  to  a  1.5%  deformation. 

4 .  Future  Upgrading  of  the  Transmission  System 
using  Optical  Amplifiers 

An  explicit  requirement  of  the  project  was  the 
possibility  to  upgrade  its  capacity  from  565 
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Mbit/s  to  2.4  Gbit/s  without  replacing  the  cables 
already  installed. 


12  8  4  0  4  0  12 

CORE  Jum) 


Fig.  2  -  Refractive  Index  Profile  of  a 
Single  Mode  D.S.  Fiber 


dispersion 


WAVE  LENGTH  (nm) 


Fig.  3  -  Dispersion  of  a  Single  Mode  D.S.  Fiber. 
Wave  length  at  dispersion  zero  =  1541  nm 
Dispersion  at  1550  nm  =  0.55  ps/km.nm 

Dispersion  at  1530  nm  =  -0.69  ps/km.nm 
Dispersion  at  1570  run  =  1.75  ps/km.nm 

In  principle  optical  fiber  characteristics  allow 
this  increase  in  transmission  bit  rates  but 
receiver  sensitivity  becomes  the  critical  point. 
In  fact  the  increase  in  transmission  capacity 
implies  a  reduction  in  receiver  sensitivity,  thus 
making  the  power  budget  insufficient  for  the 
longest  links  of  the  project. 

To  solve  ^  problem,  the  use  of  optical 

amplifiers  '  has  been  considered  (Fig.  4)  both 
as  power  amplifiers  at  point  S  (sending  point)  and 
as  preamplifiers  at  point  R  (receiving  point). 
This  compensates  for  the  above  mentioned  reduction 
in  sensitivity  of  the  receivers  and  the 
exploitation  of  the  system  at  2.4  Gbit/s  can 
therefore  be  obtained  by  simply  changing  the 
terminal  equipment. 

A  simplified  scheme  of  the  optical  amplifier  is 
presented  in  Fig.  5.  This  optical  amplifier 
involves  the  use  of  a  silica  based  active  fiber, 
similar  to  the  transmission  fibers  but  doped  with 


F.rbium. 

As  is  well  known.  Erbium  atoms  are  excited  by  a 
suitable  radiation  coming  from  a  pun^s  laser  and 
injected  in  the  active  fiber  by  means  of  a  dicroic 


[iHH 


s 


Fig.  4  -  Transmission  Line  with  Optical 
Amplifiers  at  Both  Ends. 

1-Emitter;  2-Optical  Amplifier; 

3-Optical  Preamplifier;  4-Receiver. 

coupler.  The  collisions  between  the  photons 
emitted  by  the  transmitter  and  the  excited  atoms 
cause  the  emission  of  other  photons  having 
wavelength  equal  to  that  of  the  incident  photons 
therefore  producing  the  amplification  of  the 
transmitted  signal.  The  wavelength  at  which  this 
amplification  takes  place  is  between  1530  nm  and 
1560  nm. 


Multiplexer  Er  Doped  Fiber 


Fig.  5  -  Simplified  Scheme  of  an 
Optical  Amplifier 

It  is  worth  noting  that  these  amplifiers  can  be 
very  easily  connected  to  the  transmission  fibres 
with  negligible  insertion  losses,  as  in 
conventional  fiber  splicing. 

The  possibility  of  coupling  in  this  way  a  power  of 
15  dBm  with  the  transmission  fiber  has  already 
been  demonstrated. 

Furthermore,  experiments  performed  with  this  type 
of  optical  amplifiers  have  also  demonstrated  the 
possibility  of  transmitting  11  Gbit/sec  over  260 
km  of  D.S.  fibers  .  This  result  implies  that, 
with  the  same  fibers  and  direct  transmission,  it 
is  possible  in  principle  to  transmit  2.4  Gbit/s 
over  distances  of  the  order  of  1000  km  before  the 
dispersion  of  the  fiber  becomes  a  limiting  factor. 
Of  course,  in  order  to  transmit  over  such  a 
distance,  the  use  of  many  optical  amplifiers  is 
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necessary  to  compensate  the  fiber  attenuation,  but 
the  above  quoted  figure  gives  an  idea  of  the 
margin  of  the  actual  transmission  system  from  the 
point  of  view  of  D.S.  fiber  dispersion. 

A  field  trial  with  optical  amplifiers  is  now  in 
progress  on  the  actual  system,  using  a  pair  of 
fibers  of  the  two  contiguous  links  Pomezia-Formia 
and  Formia-Napoli  which  have  been  connected 
together,  thus  obtaining  a  total  transmission 
length  of  248  km.  The  most  important  character¬ 
istics  of  this  link  are  described  in  Table  4. 


.  BIT  RATE 

565 

Mbit/sec 

.  POWER  AT  "S"  POINT 

X3 

DBm 

.  SENSITIVITY  AT  POINT  R 
for  BER  =  lO”^ 

-  44 

dBm 

.  AVAILABLE  ATTENUATION 

BETWEEN  POINTS  S  AND  R 

56 

dB 

.  SYSTEM  MARGIN 

1 

dB 

TAB. 4  -  Electro-Optical  Characteristics  of 
the  Link  with  Optical  Amplifiers 


grooves  have  been  designed  in  order  to  obtain  a 
complete  mechanical  decoupling  of  the  optical 
fibers  from  the  mechanical  stresses  applied  to  the 
cable  between  well  defined  limits  which  will  be 
discussed  later.  This  decoupling  is  essentially 


25  mm 


Opticol  fibers 
Slotted  rod 
Filling  compound 
Plastic  sheoth 
Central  member 
Composite  unit 
Polyethylene  sheoth 


5.  Submarine  Cables 


Fig.  7  -  Light  Weight  Submarine  Cable 


The  submarine  cables  which  have  been  adopted  for 
the  project  are  of  the  groved  core  type  (see  Figs. 
6  and  7),  with  6  grooves  and  2  fibers  in  each 
groove  for  a  total  of  12  transmitting  fibers. 


Fig.  6  -  Light  Weight  Submarine  Cable 
The  core  and  in  particular  the  shape  of  the 


obtained  by  an  elastic  elongation  of  the  central 
member  applied  during  the  deposition  of  the  fibres 
in  the  cable  core.  When  the  stress  causing  the 
elongation  is  removed  after  the  deposition  of  the 
fibres  they  take  their  precalculated  positions  in 
the  grooves. 

The  core  is  surrounded  by  a  plastic  jacket  and  by 
a  mechanical  resistant  structure  made  with  two 
layers  of  high  strength  steel  wires  designed  to 
withstand  both  the  pulling  tensions  during  laying 
and  recovering  operations  and  the  external  water 
pressure. 

Over  the  mechanical  resistant  structure  a 
continuous  longitudinally  welded  copper  sheath  is 
applied  to  prevent  the  radial  penetration  of 
water . 

The  void  spaces  inside  the  copper  sheath,  are 
filled  with  suitable  sealing  compounds  designed 
to; 

-  prevent  longitudinal  water  penetration; 

-  absorb  irreversibly  the  molecules  which  can 
be  released  by  the  materials  present  in  the 
structure  . 

Over  the  copper  sheath  a  polyethylene  jacket  is 
extruded  and  successively  external  armours  are 
app) led  as  necessary. 

The  external  armours  are  designed  to  protect  the 
cable  near  the  shores  against  transversal  stresses 
caused  by  ship  anchors,  trawlers,  etc. 

In  Figs.  8,9,10  the  different  types  of  external 
armours  used  in  the  project  are  illustrated;  they 
are  chosen  as  a  function  of  sea  depths  following 
the  criteria  illustrated  in  Table  5.  For  depths 
greather  than  1600  m  a  Light  Weight  deep  sea  cable 
without  external  armour  has  been  envisaged. 

The  mechanical  characteristics  of  the  cables  with 
and  without  external  armours  are  recorded  in  the 
same  Table  5.  The  relevant  deformations  have  been 
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theoretically  calculated  and  verified  by  means  of 
suitable  experiments. 


Opticol  fibers 
Slotted  rod 
Filling  compound 
Plastic  sheath 
Central  member 
Composite  unit 
Polyethyene  sheath 

Golvanized  steel  wires 
polyethyene  sheothed 

Poiypropyene  yams 


- 43  mm - ^ 

Fig.  8  -  Light  Weight  Armoured  Cable 


For  the  depth  d^  =  3000  m  tension  reaches  the 
value  of  4750  kg  with  a  deformation  of  the  cable 
of  0.42%.  Observing  Table  5,  it  is  easy  to  note 


Optical  fibers 
Sotted  rod 
Tilling  compound 
Plastic  sheoth 
Central  member 
Composite  unit 
Polyethylene  sheoth 
Goivonlzed  steel  wires 
Polyprop)*ene  yoms 
Galvanized  steel  wires 
Polypropylene  yoms 


Fig.  10  -  Double  Armoured  Cable 


42.5  mm 


Optical  fibors 

CABLE  TYPE 

DA 

SA 

LWA 

LW 

Slotted  rod 

LAYING  MAXIMUM  DEPTH  d 

|m) 
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Filling  compound 
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1.4 

C .  636 
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o  o 
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o 

'o  I'l 
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0.11 

0.14 

0.14 

Polywthytene  sheoth 
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(kg) 

1300 

3840 

3580 

304C 

Galvanized  steel  wires 

DEFORMATION  AT  T^: 

Ej  I'l 

0.03 

0.17 

0.22 

0.22 

Polypropylene  yams 

PULLING  FORCE  AT  T,=2.5 

wd^:  (kgl 

2030 

6000 

5600 

4'’50 

DEFORMATION  AT  T^ : 

CABLE  ROTATIONS  AT  T.: 

Cj  1%) 

0,07 

0.29 

0.33 

0.42 

(TURNS/lOO  m] 

1 

11 

_ 

21 

2R 

Fig.  9  -  Single  Annoured  Cable 

The  stress-strain  characteristic  of  the  Light 
Weight  deep  sea  cable,  obtained  by  applying  a 
mechanical  tension  to  the  cable  through  a  freely 
rotating  pulling  head,  is  represented  in  Fig.  11 
together  with  the  corresponding  deformations  of 
the  optical  fibers.  It  is  easy  to  verify  that  up 
to  a  tension  force  of  3000  kg,  corresponding  to  a 
cable  deformation  of  about  0.23%,  the  fibers  are 
not  submitted  to  any  stress . 

On  the  other  hand  the  maximum  mechanical  tension 
which  can  be  anticipated  in  the  case  of  a 
difficult  recovery  is  conventionally  given  by  the 
equation: 

=  2.5  wd 

where 

T  =  mechanical  tension 
w  =  unit  weight  of  the  cable  in  water 
d  sea  depth . 


TAB.  5  -  Different  Types  of  Submarine  Cables  Used 
for  the  Coastal  Hopping  Network  and  their 
Mechanical  Characteristics. 

T  =  wd  :  is  the  pulling  force  on  board  the  ship 
required  to  lay  a  cable  having  unit  weight 
in  water  w  at  the  depth  d  with  no  residual 
force  on  the  sea  bottom; 

DA:  Double  Armour  cable; 

SA:  Single  Armour  cable; 

LWA:  Light  Weight  Armour  cable; 

LW:  Light  Weight  cable. 


that  this  is  the  highest  deformation  reached  by 
the  different  cable  types  used  in  the  project. 
Under  these  conditions  the  optical  fibers  are 
submitted  to  a  deformation  of  0.1%,  to  be  compared 
with  the  screening  value  of  1,5%  to  which  the 
fibers  are  submitted  during  the  mechanical  scree¬ 
ning  test. 
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In  order  to  simulate  the  situations  which  happen 
during  the  actual  laying  and  recovery  of  the 
cable,  tension  tests  with  the  Light  Weight  cable 


A  OPTICAL  Fiacn  DPFOPMATION 


satisfactory  filling  very  risky. 

6.  Installation  of  the  Submarine  Cables 

Prior  to  the  laying  of  the  cables  a  detailed 
marine  survey  was  carried  out  for  each  link  in 
order  to  define  all  the  par’meters  needed  to 
design  a  proper  installation. 

The  data  collected  were  mainly  bathimetric  and 
side  scan  sonar  records  in  the  offshore  portion, 
while  in  the  landing  areas,  where  improved  cable 
protection  was  envisaged,  additional  sub-bottom 
data  were  collected. 

Regarding  the  choice  of  the  cable  routes,  the 
difference  between  the  features  of  a  coastal 
hopping  and  a  conventional  submarine  connection 
must  be  taken  into  account . 

CABLESHIP  -G.  VEBTC' 


Fig.  11  -  Mechanical  Characteristics  of  the 
Light  Weight  Cable  Obtained  with  a  Freely 
Rotating  Pulling  Head 

passing  back  and  forward  on  a  pulley  having  a  3  m 
diameter  have  been  executed  under  tension  = 

4750  kg.  The  attenuation  of  the  optical  fibers 
returned  completely  to  the  original  values  after 
the  unloading  of  the  cable. 

Similar  tests  were  made  at  T  =  1.6  wd  =  3040  kg 
with  the  tension  force  applied  for  a°  time  span 
extended  to  48  h,  in  order  to  represent  the  actual 
situation  during  a  repair  at  sea.  In  this  case  no 
variations  of  attenuation  during  the  test  were 
observed.  This  result  is  in  good  agreement  with 
Fig.  11  which  shows  that  in  correspondence  with 
this  mechanical  tension  the  optical  fibers  are 
still  practically  unstressed. 

The  mechanical  perfonnances  discussed  above  have 
been  considered  more  than  satisfactory  with 
respect  to  the  requirements  of  the  project  under 
consideration.  Additional  cable  designs  have  been 
also  developed  for  more  exacting  situations  and 
have  been  used  in  other  recent  projects. 

The  mechanical  specifications  of  the  cable 
included  also  an  hydrostatic  pressure  withstanding 
test  at  400  bar  for  96  h  and  a  longitudinal  water 
tightness  test  at  200  bar  for  7  days.  Both  these 
tests  have  been  successfully  passed. 

The  experience  gained  laying  the  twelve  links  of 
the  first  part  of  the  project  (see  Table  1)  fully 
confirmed  the  results  obtained  in  the  above  tests. 
Finally  it  may  be  interesting  to  recall  that  the 
void  spaces  inside  the  mechanical  resistant 
structure  have  been  filled  with  a  special  sealing 
compound  which  can  chemically  absorb  the  amount  of 
H  released  by  the  structure  components.  The  use 
of  this  compound  allows  to  reach  safely  a  high 
level  of  filling  of  the  cable  without  the 
necessity  to  take  into  account  the  presence  of  H 
during  the  cable  life,  with  the  correlated  well 
known  negative  effects  on  the  attenuation  of  the 
fibers.  In  fact,  without  this  absorption,  the 
relative  pressure  sh'uld  have  been,  roughly 
speaking,  in  the  inver  .r>  proportion  to  the  volume 
of  voids  present  in  the  structure,  making  a 


Fig.  12  -  Cableship  "Giulio  Verne" 

In  fact  the  characteristic  of  a  coastal  hopping 
route  is  to  start  heading  offshore  as  a 
conventional  lay,  to  turn  roughly  parallel  to 
shore  as  soon  as  the  environment  allows  it  and 
then,  after  a  relatively  short  length,  to  head 
back  toward  shore.  Taking  into  account  the  uneven 
morphology  of  the  Italian  coasts  and  of  the  sea 
bottom  in  the  areas  involved,  the  selected  routes 
were  carefully  defined  with  the  introduction  of 
several  turning  points  in  order  to  follow  the  most 
suitable  bottom  profile.  ^ 

The  cableship  "Giulio  Verne"  (Fig.  12)  was  used 
for  the  laying  operations.  The  main 
characteristics  of  the  ship  are  summarised  in 
Table  6.  The  high  manouvrability  of  this  ship  is 
ideally  suited  for  the  type  of  cable  routes 
involved . 

The  computation  of  the  ship  speed  and  position, 
needed  to  control  the  proper  cable  quantity  to  be 
paid-out,  was  performed  with  a  radio  positioning 
system  using  up  to  nine  shore  stations.  This 
solution,  which  implies  a  rather  sophisticated 
shore  network  and  on-board  data  logging  and 
computing,  was  required  because  of  the  complexity 
of  the  cable  routes  which  made  conventional  and 
simpler  methods  not  acceptable. 

As  regards  the  potential  damages  due  to  fishing 
activities  or  other  hazards,  an  accurate  analysis 
of  the  risks  involved  was  carried  out. 

The  solution  adopted  was  to  embed  the  cables  up  to 
35  m  of  water  depth,  which  was  shown  to  be  the 
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most  risky  area.  Two  different  embedding  machines 
were  used  according  to  the  soil  conditions:  a 
self-propelled  trenching  machine  for  harder  soil 
(Fig.  13)  and  a  jetting  machine  for  sandy/muddy 
soil  (Fig.  14) . 
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30.48  m 

.  I'K/U-T  (OPKRATING  4  THRUSTERS) 

E 

O 

ub 
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.  I'KAFT  (OPERATING  ONLY  STERN  THRUSTERS) 

5.50  m 

.  OKAUWKIGHT 

15.000  t 

.  i  AiiLF  CAPACITY 

9.500  t 

.  MAXIMUM  SPEED 

10  kn 

.  iRiiPULSloN 

4  X  If 00  hp 

TAB.  6  -  Main  Features  of  the 
Cableship  Giulio  Verne 
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Fig.  13  -  Trenching  and  Embedding  Machine 


4 


Fig.  14  -  .letting  Machine 


Extending  the  protection  to  a  greater  water  depth 
would  have  significantly  increased  the  relevant 
costs  and  was  not  justified  by  the  risk  analysis 
carried  out  in  connection  with  this  project.  It 
should  however  be  noted  that  embedding  techniques 
are  already  available  for  depths  up  to  900  ra  and 
can  be  considered  in  cases  of  real  need. 

7 .  Conclusions 

The  many  aspects  related  to  the  realization  of  a 
large  56b  Mbit/s  coastal  hopping  submarine  cable 
system  with  maximum  unrepeatered  lengths  of  the 
order  of  200  km  have  been  reviewed. 

A  complete  integration  among  the  different 
components  of  the  system  (terminal  equipment, 
optical  fibers,  submarine  cables,  laying 
techniques,  cable  protection)  was  proved  to  be 
essential  in  order  to  bring  to  a  successful 
completion  the  first  major  coastal  hopping  network 
in  the  world. 

Field  tests  using  optical  amplifiers  are  in 
progress  and  are  expected  to  demonstrate  the 
possibility  of  increasing  the  transmission 
capacity  of  the  above  network  from  565  Mbit/s  to 
2.4  Gbit/s. 
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Abstract 

This  paper  describes  the  design  and  test  results  of  OS- 
560M  optical  submarine  cable,  repeater  housing  and 
cable  coupling  used  in  the  fourth  Transpacific  Cable 
(TPC-4)  which  is  now  under  construction  toward  the 
ready  for  service  {  RES)  date  of  October,  1992. 

The  OS-560M  optical  submarine  cable  have  adopted 
highly  purified  silica  core  with  fluorine-doped 
cladding  optical  fiber  because  of  its  low  attenuation 
property.  The  average  attenuation  characteristic  of 
the  cabled  fiber  is  0.180  dB/km  at  1.55//m. 

In  order  to  accomodate  six(6)  regenerator  circuits  in 
the  repeater  housing,  repeater  pressure  housing  and 
cable  coupling  is  redesigned  from  those  of  the  OS- 
280M  .  Design  evaluation  tests  such  as  temperature 
test,  tensile  test,  water  pressure  test  have  been 
extensively  conducted  and  concluded  in  good 
performance.  At  the  final  stage  of  its  development,  it 
has  been  confirmed  that  modified  repeater  housing 
and  cable  coupling  have  its  conformability  to  the 
laying  facilities  of  the  cable  ship  through  the  handling 
test  on  board  cable  ship. 


Introduction 

The  OS-560M  optical  fiber  submarine  cable 
systemli  1.121,  designed  to  operate  at  a  wavelength  of 
1.55  nm,  has  been  developed  as  a  successor  of  the  OS- 
280M  system,  used  in  the  third  Transpacific  Cable 
system  (TPC-3)  which  operates  at  a  wavelength  of  1.3 
/ymi3i.i‘’l  .  The  OS-560M  system  is  currently  entering 
into  commecial  production,  and  is  applied  to  TPC-4 
which  will  be  ready  for  service  in  October  1992.  The 
mechanical  /  electrical  design  of  the  optical  submarine 
cable  used  in  the  OS-560M  system  is  the  same  as  that 
of  the  OS-280M  system,  which  has  already  proven  itself 
in  TPC-3  and  the  other  cable  systemsisi.  Regarding  the 
optical  design,  the  OS-560M  system  chooses  1.55 
wavelength  and  uses  optical  fiberi^l  of  a  highly  purified 
silica  core  with  fluorine-doped  cladding  in  order  to 
make  use  of  low  attenuation  property  of  silica  based 
fiber  at  maximum.  The  attenuation  property  of  a 
highly  purified  silica  core  fiber  at  1.55  fxm  wavelength 
is  roughly  half  that  of  a  germanium-doped  core  optical 
fiber  at  1.3 //m  wavelength.  As  a  result,  the  repeater 


span  length  for  the  OS-560M  system  can  be  extended 
to  about  twice  that  of  the  OS-280M  system.  The 
optical  parameters  are  optimized  taking  into  account 
various  stresses  in  the  cable  manufacturing,  cable 
handling,  laying  and  25  years  life  time.  Through  the 
various  evaluation  tests  such  as  water  pressure  test, 
tensile  test,  temperature  test,  etc.,  it  has  been 
confirmed  that  the  characteristics  of  the  OS-560M 
optical  fiber  submarine  cable  are  stable  for  the  25 
years  design  life. 

With  regard  to  the  repeater,  repeater  pressure 
housing  is  redesigned  in  order  to  accomodate  six(6) 
regenerator  circuits  in  the  housing.  Cable  coupling  is 
also  redesigned  to  accomodate  the  fiber  splices 
between  cable  and  repeater  in  it.  Various  evaluation 
tests  using  prototype  repeater  housing  and  cable 
couplings  were  conducted  including  the  handling  test 
on  board  ship.  The  results  obtained  from  these 
evaluation  tests  were  good  in  performance. 

This  paper  discribes  the  design  and  test  results  of 
the  OS-560M  cable,  which  is  currently  entering  into 
commercial  production,  as  well  as  the  newly 
developed  repeater  housing  and  cable  coupling. 

Cable  Design 

Table  1  shows  the  mechanical  /  electrical  design 
parameters  of  the  OS-560M  lightweight  optical  fiber 
submarine  cable.  These  design  parameters  are  the 
same  as  that  for  the  OS-280M  LW  Cable.  Optical 
fibers  in  the  cable  are  screened  with  2%  elongation 
and  all  the  splicing  points  in  the  cable  are  screened 
with  2.5%.  So  that,  the  optical  fivers  in  a  cable  can 
withstand  the  tension  during  the  recovery  from  a 
depth  of  up  to  8,000  meters. 

The  OS-560M  cable  is  designed  to  withstand  water 
pressure  of  up  to  850kgf/cm2,  which  would  allow  the 
cable  to  be  laid  across  the  Japan  Trench.  (TPC-3 
crossed  the  Japan  Trench  at  8,190  meters.)  Figure  1 
shows  the  cross-sectional  view  of  the  OS-560IV1  optical 
submarine  cable.  The  cable  consists  of  an  optical  fiber 
unit  with  six{6)  optical  fibers,  a  water  pressure 
resistance  layer  composed  of  a  three  devided  steel 
pipe,  high-tensile  steel  strands,  a  copper  tube,  and  a 
layer  of  polyethylene  insulation  with  an  external 
polyethylene  jacket.  The  OS-560M  optical  submarine 
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cable  uses  highly  purified  silica  core  with  fluorine- 
doped  cladding  optical  fibers  of  which  zero  chromatic 
dispersion  wavelength  is  around  1.3 This  optical 
fiber  is  designed  for  a  1.55  wavelength 
transmission  where  the  transmission  loss  of  silica  based 
fiber  is  minimized.  The  major  fiber  parameters  are 
optimizedin  in  order  to  take  advantage  of  the  low-loss 
characteristics  and  to  minimize  the  transmission  loss 
change  due  to  the  microbending  resulting  from  cable 
manufacturing,  cable  handling,  etc.,  and  to  keep 
stable  characteristics  during  25  years.  [  Note  :  This 
optical  fiber  is  based  on  the  recommendation  in  CCITT 
SGVX  G.654.  ] 

The  optical  fiber  unit  contains  six(6)  color  coated 
optical  fibers  in  order  to  identify  each  other.  The 
stranding  pitch  has  been  changed  from  200mm  in  case 
of  the  OS-280M  cable  to  300mm  in  order  to  speed  up 
the  production  of  the  optical  fiber  unit.  These 
modification  might  affect  on  the  curing  of  the  unit 
forming  material  (UV-curable  resin)  surrounding  the 
optical  fibers  in  the  optical  fiber  unit  manufacturing 
process,  and  there  might  be  a  possibility  that  excessive 
microbending  losses  are  induced  by  heating  during  the 
cable  manufacturing  process.  Therefore,  we 
conducted  various  evaluation  tests  such  as  heat  cycle 
test,  long  term  stability  test,  and  as  a  result  it  was 
confirmed  modified  optical  fiber  unit  has  a  good 
performance. 

In  addition,  while  the  repeater  span  length  of  the 
OS-280M  system  was  50  to  70km,  the  repeater  span 
length  of  the  OS-560M  system  can  be  extended  to 
more  than  120km.  Maximum  unit  cable  length  is  set 
as  75km  taking  into  account  technical  point  of  views 
such  as  existing  cable  manufacturing  fascilities, 
manufacturing  efficiency,  maximum  repeater  span 
length,  etc.,  and  economical  point  of  view. 


Items 

Ohjectiv'cs 

Water  Pressure 

more  than  850  Ugf/cm^ 

Breaking  Strength 

more  than  10  ton 

Lateral  Pressure 

more  than  lOOkgf/cm 

Cable  Modulus 

more  than  20  km 

Cable  Elongation 

less  than  0.7  %  at  7  ton 

Cable  Torque 

less  than  l  .Skgf  mat  7  ton 

Minimum  Bending 
Radius 

1  nt 

Weight 

in  Air 

less  than  1.0  ton/km 

in  Water 

less  than  0.5  ton/km 

D  C.  Ilesistancc 

less  than  0.7  D/km  at  3°  C 

Insulation  Resistance 

more  than  2X10*1  MU-km 

Withstand  Voltage 
Characteristic 

more  than  ±35  kV  D.C. 
for  5  min 

Table  1.  Cable  Design  Parameter 
(Deep  Water  Cable) 


Items 

Objectives 

Optical  Attenuation 
(1.53  -  1.57pm) 

less  than  0.21  dB/km 

Chromatic  Dispersion 
(1.53~1.57pm) 

less  than  21  ps/km/nm 

Mode  Field  Diameter 

10.5  ±  1.0  pm 

Cut-off  Wavelength 

1.35  —  1.60  pm 

*  1 :  This  is  defined  for  a  2m  length  of  fi  her 


Table  2.  Optical  Fiber  Parameter 
(1.55//m  Wavelength) 

Stee'  "Wire 
Optical  Fiber 
U.V.  Cured  Resin 
Nylon 

U.V,  Cured  Resin 

Fiber  Unit 

Fiber  Unit 
3-devided  Steel  Pipe 
Water  Blocking  Compound 
Steel  Strands 
Copper  Tube 
Insulation 
Jacket 

Cabie 

Figure  1.  Lightweight  Cable  Structure 


Optical  Characteristics  of  Mass  Produced  Cable 
Optical  Fiber 

Over  the  20,000km  optical  fiber  has  been 
manufactured  in  a  mass  production  base.  Average 
value  of  optical  attenuation  and  dispersion  at  1.55  pm 
are  0.177  dB/km,  18.8  ps/km-nm,  respectively. 
Average  unit  length  screened  with  2%  elongation  is 
15.4km. 

Cable 

The  optical  fibers  are  stranded  into  the  fiber  unit  and 
cabled  through  the  assembling  process  of  three 
divided  steel  pipe,  tensile  steel  strands,  copper  tube 
and  the  extrusion  process  of  insulation  /  external 
jacket  layers.  Figures  2  and  3  show  both  the  optical 
loss  change  during  cable  manufacturing  process  and 
the  optical  loss  distribution  of  cabled  fibers  of  roughly 
3,700  km  cable.  The  average  loss  increased  during 
the  manufacturing  processes  (from  the  optical  fiber 
unit  process  to  the  insulation  /  external  jacket  process) 
is  0.003  dB/km.  Average  optical  loss  after  the  cabling 
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is  0.180  dB/km  at  1.55  /jm,  a  minimum  value  is  0.170 
dB/km  and  a  maximum  is  0.189  dB/km.  Furthermore, 
average  chromatic  dispersion  is  19.8  ps/km/nm  (at  1.57 
/jm)  and  average  splicing  loss  is  0.044  dB  (at  1.55  /jm). 

This  means  150km  of  repeater  spacing  will  be 
possible. 


Unit  Tube  /Jacket 

Figure  2.  Transmission  Loss  Characteristic 
during  Cable  Manufacturing 


Figure  3.  Distribution  of  Cabled  Fiber  Loss 


Cable  Evaluation  Test  Results 

Following  evaluation  tests  on  the  mechanical 
stresses  that  the  cable  will  be  suffered  during  the 
laying  and  recovery  processes  were  conducted  using 
an  ocean  simulatorisi,  and  other  testing  fascilities. 

Temperature  Test  (Figure  4) 

A  temperature  characteristic  between  -20  °C  and  50 
°C  was  evaluated  by  looping  the  six  optical  fibers  of 
each  500m  length  cable  sample  to  form  a  loss 
measurement  length  of  3km,  and  it  was  confirmed 
that  there  was  a  tendency  towards  reduced 
transmission  loss  at  lower  temperature  and  increased 
transmission  loss  at  higher  temperature,  the  variation 
was  still  within  ±  0.004  dB/km  from  the  loss  at  1 5  °C. 


Water  Pressure  Test  (Figure  5) 

With  a  reference  transmission  loss  at  water 
temperature  of  3  °C  and  cable  tension  of  0.5  tons, 
transmission  loss  change  was  evaluated  with  water 
pressure  up  to  800  kgf/cm^  by  looping  six  optical  fibers 
of  each  200m  length  cable  sample  to  form  a  loss 
measurement  length  of  1.2km.  It  was  varied  by 
0.001  dB/km  or  less,  which  was  within  the  limits  of 
measurement  error. 

Tensile  Test  (Figure  6) 

With  a  reference  transmission  loss  at  water 
temperature  of  3  °C  and  cable  tension  of  0.5  tons, 
transmission  loss  change  was  evaluated  with  tension 
up  to  6  tons  by  looping  six  optical  fibers  of  each  200m 
length  cable  sample  to  form  a  loss  measurement 
length  of  1.2km.  It  was  varied  by  ±0.001  dB/km  or 
less,  which  was  within  the  limits  of  measurement  error. 

Tensile  Test  with  Bending 

One  end  of  144  meter  length  of  test  sample  cable 
was  wound  on  a  sheave  with  a  radius  of  curvature  of 
1.5  meters  and  the  other  end  was  stretched  at  6±  1 
tons  of  tension  for  five  hours.  The  transmission  loss 
varied  by  ±0.001  dB/km  or  less,  which  was  within  the 
limits  of  measurement  error.  In  addition,  after  testing, 
the  portion  of  the  cable  which  was  in  contact  with  the 
sheave  was  opened  up  and  checked  on  the  mechanical 
deformation.  As  a  result,  no  definite  abnormalities 
were  found. 

Combined  Test  of  Water  Pressure  and  Tension 

With  a  reference  tranmission  loss  at  water 
temperature  of  3  °C  and  water  pressure  of  0  kgf/cm2 
and  cable  tension  of  0.5  tons,  transmission  loss  change 
was  evaluated  by  looping  six  optical  fibers  of  each 
200m  length  cable  sample  to  form  a  loss  measurement 
length  of  1.2km  when  the  cable  was  left  for  twelve 
hours  under  800  kgf/cm2  of  water  pressure  and  5  tons 
of  tension.  It  was  varied  by  0.002  dB/km  or  less, 
which  was  within  the  limits  of  measurement  error. 


Figure  4.  Temperature  Characteristic 
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Fig.  5  Water  Pressure  Characteristic 
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Items 

Objectives 

(i)  Fundamenta]  Requirement 

8,000  m 

Maximum  Sea  Depth 

System  Design  Life 

more  than  25  years 

Handling  Capability 

to  be  laid  y recovered 

using  existing  cable  ship  laying 

facilities  up  to  8.000m 

(ii)  Pressure  Housing  | 

less  than  20%  RH(Rejative 
Humidity)  during  25  years 

Airtigbtness 

Water  Pressure 

more  than  800  kgf/cro" 

Shock 

more  than  100  G 

Vibration 

No  damage  on  vibration 
freouenev  10~-  500  Hz 

High  Voltage  Resistivity 

more  than  ±  15  kV 

Heat  Dispersion 

more  than  6  “C  of  temperature 
difference  between  surface  of 
Housing  and  surface  of 
insulation  surrounding  repeater 
circuit 

(iii)  Feedthrough  ( 

less  than  5  X  10’®  atm-cc  /  spe 
(Helium  gas  of  800  kgf  /  cm 
60minJ 

Airtightness 

Water  Pressure 

more  than  800  kgf /cm* 

Shock 

more  than  100  G 

Vibration 

No  damage  on  vibration 

freuenev  lO'-  500  Kz 

Transmision  Loss  Change 

less  than  O.I  dB 

Table  3.  Mechanical  Design  Parameter 
of  Repeater  Housing 


Fig.  6  Cable  Tension  Characteristic 


Repeater  Housing 

Design  Parameters 

Table  3  shows  the  mechanical  design  parameters 
of  the  OS-560M  repeater  housing.  The  cable  and 
repeater  should  be  able  to  be  laid,  recovered  and 
buried  using  existing  cable  ship,  cable  laying  facilities, 
and  submarine  cable  plow.  Cable-handling 
experiments  on  the  cable  ship  in  order  to  estimate  the 
physical  shocks  on  the  repeaters  during  laying  and 
recovery  operations  has  been  conducted.  As  a  result, 
it  has  been  confirmed  that  repeater  is  required  to 
withstand  the  shock  of  100G,  and  shock  absorption  / 
heat  dispersion  device  are  required  to  absorb  the 
physical  shock  and  disperse  the  heat  from  the  internal 
repeater  circuit.  Repeater  housing  mechanical 
structure  is  fixed  taking  into  account  the  design 
parameters  tabled  in  Table  3  and  the  follwing  points. 

(1)  Housing  method  of  the  repeater  circuit 

(2)  Position  of  the  joint  chamber  (housing  of  the  fiber 

splicing  points  between  repeater  and  cable ) 


Mechanical  Design 

Figure  7  shows  the  mechanical  structure  of  the 
repeater  housing. 

(1)  Repeater  housing 

In  order  to  mount  six(6)  regenerater  circuits(3 
subsystems),  the  outer  diameter  of  the  housing 
increases  by  70mm  to  321mm  from  that  of  the  05- 
280M  system  and  the  length  is  shortened.  The  joint 
chamber  is  placed  inside  of  the  coupling,  and  the 
distance  between  the  gimbal  pins  at  both  ends  is 
shortened  by  240mm  to  1 ,360mm.  As  a  result  of  these 
changes,  the  weight  of  the  repeater  in  air  Is  now 
roughly  470  kg. 

(2)  Repeater  and  cable  interface 

As  shown  in  Figure  7,  by  physically  connecting  the 
joint  chamber  surface  plate  in  the  coupling  with  the 
chip  at  the  tip  of  the  tail  cable  (copper  pipe  jacketed 
by  polyethylene)  of  the  repeater,  the  power  feeding 
line  is  constituted,  and  the  fibers  from  the  repeater 
are  guided  through  the  tail  cable  into  the  joint 
chamber.  The  chip,  made  of  beryllium  copper  alloy,  is 
soldered  to  the  tail  cable.  The  airtight  integrity  of  the 
connection  between  the  chip  and  the  joint  chamber  is 
maintained  by  a  metal  0-ring. 


(3)  Interface  structure  between  the  repeater  and  the 
cable 


(3)  Shock-absorbing  /  heat-dispersing  structure 

In  addition  to  making  changes  in  the  dimensions 
of  the  repeater  housing  and  in  the  requirements  for 
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withstanding  shocks,  the  resonating  frequency  needed 
to  prevent  the  amplification  of  shocks  to  the  repeater 
circuit  is  re-examined,  assuming  that  metal  absorbers 
would  be  used  to  absorb  shocks  and  disperse  heat. 

Regarding  the  heat  dispersion  characteristics,  a 
target  is  set  at  6  °C  or  less  for  the  temperature 
difference  between  the  outer  surface  of  the  repeater 
housing  and  the  surface  of  the  insulation  surrounding 
the  repeater  circuit . 

(4)  Optical  fiber  feedthrough 

Highly  purified  silica  core  fibers  with  the  polyimide- 
jacket  are  used  for  the  optical  feedthrough  to  keep 
airtight  structure  based  on  the  OS-280M  technology  of 
which  the  airtightness  is  obtained  by  the  soldering 
technique. 


Figure  7.  Schematic  Assembly  Diagram 
of  Repeater  Housing 


Evaluation  T.  Results 

Proto ‘ype  repeater  housing  was  tested  from 
various  aspe'  *.s.  Followings  are  the  test  results  . 

(1)  Shock  tes^ 

It  was  c.  ifirmed  that  there  was  no  change  in  the 
optical  and  lectronic  characteristics  of  the  repeater 
circuit  befo,  and  after  applying  shocks  of  at  least 
100G  acceler  tion  for  a  duration  of  at  least  0.7ms  five 
times  in  both  the  axial  and  radial  directions. 

(2)  Heat  dispersion  characteristics 

The  temoerature  difference  between  the  surface 
of  the  repeater  housing  and  the  surface  of  the 
repeater  circuit  was  5  °C  or  less.  In  addition,  the 
variation  of  the  temperature  on  the  surface  of  the 
repeater  circuit  was  within  1  °C. 

(3)  Optical  fiber  feedthrough  characteristics 

Table  4  shows  the  evaluation  test  results  of  optical 
fiber  feedthrough.  It  shows  that  the  optical 
feedthrough  is  stable. 


Items 

Test  Results 

Temperature  Test 
(•  10-  60  "O 

No  change  in  Transmission 
Loss 

Vibration  Test 
(10-500  Hz) 

No  damage 

Sbock  Test 
(100  G)  . 

No  damage 

Atnightness  ^ 

(Helium  gas  of  SOOkgf/cm", 
60nun.) 

less  than  5  X  10'^  atm-cc  '  sec 

Loss  Change 

( before  and  after  the  above 

less  than  C.l  cB 

test  programs  ' 

Table  4.  Feedthrough  Evaluation  Results 


Cable  Coupling 

Design  Parameters 

Table  5  shows  the  design  parameters  for  the  cable 
coupling.  Joint  chamber,  which  accomodetes  splicing 
points  of  the  fibers  from  repeater  and  cable,  is 
provided  in  the  cable  coupling,  and  it  is  based  on  the 
OS-280M  cable  joint  box  (JB)l9;,  which  has  already 
proven  itself  in  terms  of  housing  the  fiber  splicing 
points  and  mechanical  characteristics.  The  following 
points  are  also  taking  into  acount  in  the  cable  coupling 
mechanical  design. 

(1)  Reduction  of  costs  by  using  a  structure  similar  to 
the  JB  and  using  common  jointing  equipment  and 
techniques. 


items 

Objectives 

V.axitr.urr.  Sea  Detfr 

fc.OOb  IT. 

Svstem  Lesigr.  Life 

mere  than  vear* 

Kanclir.g 

to  be  laid  recovered 
using  existing  cab. e  snip  las  mg 
faculties  up  to  fc.U OCtt. 

^^'atcr  Pressure 

mere  l.nar.  800  kgf  cm.- 

Snock 

mere  tr.ar.  100  G 

ViOraiicn 

No  damage  or.  vibrat.on 
frquecc_\  lu-  5C'C  Hz 

. 

HLgh  ''.'oitape  Kes;Et.;v;:\ 

mere  than  r  kV 

Heat  Dispersion 

more  t.nar.  f-'C  of  temperature 
difference  between  surlacc  of 
Hous.ng  and  surface  ef 
ir.suialion  surrounding  repeater 
circuit 

Airtjgntness 

less  than  i  X  IC'-  atrruC:  ■  sec 
(Helium,  gas  of  800  kgf  -  cm  *■. 
60min 

'  SpLce  Loss  '/ 

i  before  oeinp  accomouated 
and  after  ' 

less  than  C  cB 

less  tnan  0.1  cB 

Table  5.  Mechanical  Design  Parameter 
of  Cable  Coupling 


(2)  Proven  techniques  regarding  characteristics  for  air¬ 
tight  integrity  and  resistance  of  water  ingress. 
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Mechanical  Structure 

Figure  8  shows  the  mechanical  strurture  of  the  cable 
coupling. 

(1)  Joint  chamber  structure 

Splicing  points  of  the  fibers  from  repeater  ancJ 
cable  are  fixed  in  place  on  the  metal  cylinder.  The 
fibers  with  excess  length  are  wound  around  the 
cylinder  while  maintaining  a  radius  of  curvature  of  at 
least  30mm. 

The  power  feeding  line  is  composed  continuously  by 
the  chip,  joint  chamber  cover,  water  pressure  housing, 
anchor  disk,  and  safety  pipe.  As  for  insulation, 
polyethylene  is  molded  around  the  outside  of  the  joint 
chamber  assembly,  and  continues  with  the  tail  cable  of 
the  repeater  and  cable. 

(2)  Cable  anchoring  structure 

As  for  the  OS-280M  cable  anchoring  structure,  the 
high-tensile  steel  wires  and  three-devided  steel  pipe  of 
the  cable  are  wedged  in  another  places  by  their 
respective  metal  cones.  For  the  OS-560M  cable 
anchoring  structure,  both  the  wires  and  the  steel  pipe 
are  wedged  in  the  same  place  with  a  single  cone, 
which  allowed  us  to  shorten  the  length  of  the  cable 
coupling  by  50mm. 


Figure  8.  Schematic  Assembly  Diagram 
of  Cable  Coupling 


Evaluation  Test  Results 

Cable  Anchoring 

All  thirty  test  samples  were  evaluated  in  terms  of 
the  breaking  strength  after  the  temperature  cycle 
testing  and  sea-water  immersion  testing,  and  it  was 
confirmed  that  initial  breaking  strength  of  ten  (10) 
tons  or  more  was  maintained.  It  was  also  confirmed 
that  the  cable  anchoring  structure  did  not  cause  any 
transmission  loss  change. 

Long-Term  Water  Pressure  Resistance  Testing 

Long-term  (1  year)  water  pressure  resistance  test 
was  conducted,  placing  a  joint  chamber  is  a  cable 
coupling  with  its  molded  insulation  in  water  pressure 


testing  equipment  under  850kgf/cm2  of  pressure. 
There  has  still  been  no  change  in  the  structure  of  the 
equipment  and  no  transmission  loss  change. 

Cable  Coupling 

A  repeater  housing,  a  prototype  couplings,  and  a 
cables  were  connected  and  wound  on  a  sheave  with  a 
diameter  of  three  meters  and  evaluated  mechanical 
characteristics  using  long  cable  tensile  test  equipment. 
The  test  results  show  that  all  requirements  have  been 
met.  The  optical  loss  change  during  the  tests  was 
within  the  limits  of  measurement  error. 

Stand-alone  test  on  the  coupling  for  temperature, 
vibration  resistance,  shock  resistance,  and  voltage 
resistance  characteristics  were  also  conducted.  The 
test  results  show  that  all  requirements  have  been  met. 

Handling  Tests  aboard  the  Cable  Ship 

Prototype  repeater  housing  that  contained  an 
shock  detector  (frequency  characteristics  :  DC  to  IkHz, 
detectable  in  each  of  3  principle  planes),  cable 
couplings  and  cables  were  jointed  and  then  shipboard 
handling  tests  were  conducted.  Figure  9  shows  the 
configuration  of  the  test  system.  [  Note  ;  Transmission 
loss  change  was  also  monitored  continuously  ] 

(1)  Shock  measurement 

While  the  repeater  was  passing  through  the 
cable-laying  facilities  at  speeds  from  0.5  to  2.0  knots, 
the  shocks  on  the  repeater  were  converted  to  optical 
signals  and  measured  in  real  time.  Test  results 
indicated  that,  as  before,  the  greatest  shock  (vector 
sum  of  each  axis;  x,  y,  z)  occurred  when  the  repeater 
entered  the  DO/HB;  a  reading  of  61. 5G  was  obtained 
when  laying  the  cable  at  2.0  knots.  The  repeater 
slipping  from  the  DC/E  were  also  examined  due  to  its 
increased  weight;  the  maximum  shock  measured  in 
that  instance  was  70. 2G. 

Figure  10  shows  the  results  of  a  Fourier 
transformation  on  the  maximum  shock  waveform  in 
order  to  analyze  the  frequency  characteristics  of  the 
shocks.  As  can  be  seen  in  the  figure,  many  of  the 
frequency  components  were  from  200Hz  to  700Hz  . 

On  the  basis  of  the  above  results,  the  resonance 
frequency  were  set  at  1kHz  for  the  shock-absorbing  / 
heat-dispersing  structure  of  the  repeater . 

(2)  Optical  transmission  loss  change  measurement 

The  optical  transmission  loss  change  was  measured 

to  be  0.003dB  or  less,  which  was  within  the  limits  of 
measurement  error. 

(3)  Conditions  while  passing  through  the  cable-laying 
equipment 

It  was  confirmed  that  there  were  no  hindrances 
when  passing  through  the  cable-laying  facilities,  such 
as  the  DO/HB  and  the  DC/E. 
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(4)  Connection  with  the  cable 

After  testing,  the  repeater  housing  anci  coupling 
were  opened  up,  but  found  no  physical  deformation. 


Figure  9.  System  Configuration  of  Handling  Test 
on  Board  Cable  Ship 
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Figure  10.  Fourier  Transformation  Result 
of  Shock  Waveform 
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Conclusion 


This  paper  described  the  design  and  evaluation  test 
results  of  the  OS-560M  optical  fiber  submarine  cable, 
repeater  housing,  and  cable  coupling.  Highly  purified 
silica  core  fiber  with  fluorine-doped  cladding  optical 
fiber  is  adopted  for  the  OS-560M  optical  submarine 
cable,  in  order  to  take  advantage  of  the  low  loss 
transmission  characteristics  at  1.55  //m  wavelength. 
Various  evaluation  tests  show  good  performance. 

The  OS-560M  optical  submarine  cable  with  an  average 
transmission  loss  of  0  180  dB/km  (1.55  //m)  is  currently 
being  commercially  produced  in  maximum  unit 
lengths  of  75  kilometers. 

Two  new  design  elements  concerning  the  repeater 
housing  and  the  coupling  are  also  implemented  : 


(1)  the  repeater  housing  is  expanded  along  its 
diamater  and  shortened  along  its  length;  and 

(2)  the  joint  chamber  is  housed  in  the  coupling. 

Evaluation  test  of  the  repeater  housing  and  cable 
coupling  shows  that  in  all  respects  the  requirements 
have  been  met  the  requirements. 

These  results  show  that  the  OS-560M  optical  fiber 
submarine  cable  and  its  associated  mechanical  devices 
can  be  commercially  applicable. 
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Abstract 


A  comprehensive  study  into  the 
performance  of  hermetic  fibres  was  carried 
out  in  1989  and  90.  As  a  result  of  these 
studies  hermetic  fibres  were  selected  for 
use  in  an  "open"  submarine  cable  design  with 
an  unusually  heavy  armour  (ie.  with  a 
potentially  high  hydrogen  level) .  The  cable 
has  been  successfully  manufactured  during 
1990  and  installed  in  March  1991,  without 
any  special  consideration  to  the  hermetic 
fibres.  The  excess  losses  due  to  hydrogen 
will  be  less  than  0.0001  dB/km. 


Introduction 


Two  fibreoptic  submarine  cables  were  to  be 
installed  (together  with  three  high  voltage 
cables)  between  the  North  and  the  South 
islands  of  New  Zealand  across  the  Coo)c 
Strait.  The  length  of  each  cable  was  43  )cm 
and  was  specifieded  to  contain  12  standard 
SM  fibres.  Dispersion  shifted  fibres  were 
later  accepted  as  an  option. 

The  Cook  Strait  is  particularly  known  for 
it's  strong  tidal  currents.  Due  to  these 
heavy  currents  it  was  necessary  to  make  the 
fibreoptic  cables  unusually  heavy  to  be 
safely  installed  and  remain  stationary  on 
the  seabed.  Therefore  the  cable  was  given  an 
armouring  consisting  of  multilayer  steel 
wires  and  steel  tapes.  The  cable  cross- 
section  is  shown  in  Fig.  1. 


The  basis  for  the  cable  was  the  qualified 
open  design  developed  for  the  Norwegian 
Telecom,  into  which  a  lot  of  effort  has  been 
put  to  ensure  a  very  low  internal  hydrogen 
pressure.  The  results  from  these  cables  have 
been  reported  by  the  Norwegian  Telecom. 

However,  when  the  armouring  (or  the  amount 
of  steel)  in  an  open  cable  design  increases 
the  internal  hydrogen  pressure  also 
increases,  although  not  proportionally. 
During  the  development  towards  control  of 
the  hydrogen  problem  in  open  designs,  a  lot 
of  work  had  also  been  done  to  study  hermetic 
fibres,  and  on  this  background  it  was 
decided  to  use  hermetic  fibres  as  hydrogen 
barrier  in  the  Cook  Strait  cables  with  it's 
heavy  armour. 

In  the  following  the  background  work  and  the 
tests  carried  out  during  the  project  leading 
up  to  the  selection  of  the  fibre  to  be  used, 
as  well  as  experience  with  this  fibre  in  a 
commercial  submarine  cable  will  be 
described. 


Hermetic  fibre  evaluation 


Fibre  types 

Results  from  tests  on  four  different 
hermetic  fibres  from  three  suppliers  are 
presented: 


A  standard 
(SMH-A) 

SM 

fibre 

from 

vendor 

- 

A 

standard 

SM 

fibre 

from 

vendor 

(SMH-C) 

A  dispersion  shifted  fibre  from  vendor 
B  (DSH-B) 

A  dispersion  shifted  fibre  from  vendor 
C  (DSH-C) 
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Hydrogen 

To  investigate  the  resistance  to 
hydrogen  permeation  at  accelerated 
conditions  a  pressure  chamber  had  previously 
been  built.  In  this  chamber  a  pressure  of  20 
atmospheres  and  a  temperature  of  85  *C  was 
imposed  on  the  fibres.  Inside  the  chamber 
about  1  km  of  fibre  was  placed  in  a  loose 
coil  in  a  tray  of  outer  diameter  230  mm. 

Spectral  attenuation  measurements  were 
carried  out  before  the  fibres  were  placed  in 
the  pressure  chamber.  At  regular  intervals 
the  pressure  and  temperature  were  taken  back 
to  ambient,  whereafter  the  fibres  were  taken 
out  of  the  chamber  and  new  spectral 
measurements  were  made.  All  measurements 
were  carried  out  within  2  hours  after  the 
fibres  had  been  taken  out  of  the  chamber. 


Using  this  equation  the  excess  loss  due  to 
hydrogen  in  dB/km/atm.  at  1550  nm  after  25 
years  and  at  4  and  10 “C  are: 


Fibre  type 


4  ”C 


10  'C 


SMH-A 

SMH-C 


3.0x10-4  6.4x10-4 

6.1x10-6  1.3x10-5 


DSH-B  1.9x10-3  4.1x10-3 
DSH-C  <1.0x10-7  <1.0x10-6 
The  measured  values  for  DSH-C  are  so  low 
that  an  extrapolation  is  difficult,  and  the 
figures  are  thus  given  for  the  smallest 
measurement  which  can  honestly  be 
extrapolated . 


For  comparison  the  saturation  value  for  the 
fibre  itself  (which  a  non-hermetic  fibre 
would  attain)  is  0.78  dB/km/atm. 


The  reversible  excess  loss  was  measured  as 
the  height  of  the  1244  nm  peak  referred  to 
the  baseline  of  the  spectral  curve  in  this 
region.  The  results  for  a  period  of  371  days 
are  shown  in  Fig.  2 


Fig.  2 


These  accelerated  results  have  subsequently 
been  transposed  to  operational  conditions  of 
25  years,  and  ambient  temperature  and 
partial  pressure  of  hydrogen  using  the 
following  equation: 


C(t) 


where  C(t)  is  the  time  dependant 
concentration  of  hydrogen, 

C(oo)  is  the  equilibrium  concentration, 
t  is  the  elapsed  time, 

Tj  is  the  initil  lag  time, 

is  a  characteristic  time  constant. 


Mechnical  properties 


The  cable  the  fibres  are  to  be  used  in 
is  designed  for  non-hermetic  fibres  with  the 
fibres  placed  in  slots  with  an  excess  length 
of  about  0.4  %.  Thus  in  this  case  the 
claimed  better  fatigue  performance  of 
hermetic  fibres  are  not  utilised,  and  the 
requirement  is  only  that  the  hermetic  fibres 
are  at  least  as  good  as  non-hermetic  fibres 
in  terms  of  n-value. 

To  ascertain  this,  a  limited  number  of 
tensile  tests  were  carried  on  short  samples 
(about  5  m)  at  pulling  rates  across  four 
decades,  eg.  0.011,  0,11,  1.1  and  11  %/min. 
The  results  are  shown  below  including  the 
breaking  strengths  assosiated  with  the  given 
n-values.  Because  of  the  statistical  un¬ 
certainties  with  the  limited  data,  the 
figures  are  given  as  ranges  rather  than 
absolute  figures. 


Fibre  type 

n-value 

Breaking 

strength 

(N) 

SMH-A 

40-500 

32-36 

SMH-C 

60-500 

28-32 

DSH-B 

200-11000 

52-54 

DSH-C 

60-800 

27-32 

Similar  tests 

with  non- 

-hermetic 

fibres  from  vendor  C  and  a  much  larger 
sample  size  shows  n-values  in  the  range  17 
to  18. 
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Splicing 

In  1989/1990  hermetic  fibre  were 
offered  in  lengths  of  10  to  16  km,  thus  in 
a  43  km  long  cable  with  12  fibres  there  will 
be  a  significant  number  of  factory  splices. 
These  factory  fibre  splices  are  required  to 
have  a  low  loss  and  a  high  strength.  A 
comprehensive  programme  was  carried  out  to 
evaluate  the  splicability  of  each  fibre 
type,  and  the  results  are  shown  below. 
Splice  loss  is  given  as  the  average  of  OTDR 
measurements  in  both  directions,  and 
strength  as  the  breaking  strength  at  a 
pulling  rate  of  2  %/min  on  a  50  cm  sample 
including  the  splice. 


The  sample  size  is  several  hundred  for  each 
fibre  type. 

The  tests  were  carried  out  over  a  period  of 
of  6  months  and  some  improvements  on  the 
splicing  parameters  are  included  in  the 
results.  Splices  with  visual  defects  are  not 
included,  and  only  splices  which  were 
accepted  on  loss  were  strength  tested. 


Fibre  type 

Splice  loss  (dB/ 

mean 

max 

SMH-A 

0.02 

0.06 

SMH-C 

0.03 

0.07 

DSH-B 

0.10 

0.15 

DSH-C 

0.03 

0.10 

Fibre  type 

Breaking 

strain 

min 

mean 

SMH-A 

1.2 

1.8 

SMH-C 

1.0 

1.5 

DSH-B 

1.0 

1.6 

DSH-C 

1.2 

1.7 

Bending  performance 

Microbend  tests  were  carried  out  to 
evaluate  whether  the  hermetic  coating  would 
have  any  effect  on  the  cabling  performance 
of  the  fibres.  The  microbend  results  are 
based  on  a  sandpaper  test  using  100  grit 
paper  and  measuring  loss  increase. 


Fig.  3  o 
Other  tests 


Several  other  tests  were  also 
performed,  byt  they  did  not  differentiate 
the  fibre  types.  These  were  tests  like 
macrobend,  ageing  in  filling  compound, 
temperature  cycling,  temperature  cycling  in 
filling  compound,  temperature  cycling  of 
cable  core. 

Type  testing  of  cable 

The  customer  required  a  comprehensive 
type  test  programme  to  be  carried  out  and 
approved  before  manufacturing  of  the  main 
cables  could  commence.  This  programme 
included  both  optical,  mechanical, 
environmental  and  repair  splice  tests,  but 
only  those  relevant  to  the  hermetic  fibres 
are  described  here. 


Tensile  test 

A  50  m  long  sample  of  a  complete  cable 
was  mounted  in  a  tensile  test  bench  and  the 
attenuation  in  the  fibres  as  well  as  the 
strain  in  the  fibres  and  the  cable  was 
monitored  as  the  tension  was  changed. 

The  cable  was  strained  to  0.5  %  to 
investigate  the  behaviour  of  the  armour  at 
extreme  loads,  and  at  this  strain  the  excess 
length  of  the  fibres  was  used  up  such  that 
the  fibres  also  saw  strain.  The  results  are 
shown  in  Fig.  4 


The  results  are  shown  in  Fig.  3. 


630  International  Wire  &  Cable  Symposium  Proceedings  1991 


^SMH-C  .  CABLE  ELONGATION 


It  should  be  noted  that  all  the  results  have 
been  viewed  from  the  point  of  view  of  a  user 
of  fibres  in  cable  manufacturing.  Thus  no 
effort  has  been  put  into  explaining 
differences  between  the  fibre  types  because 
of  inherent  factors  as  matched/depressed 
cladding,  higher/lower  MFD,  higher/lower 
concentricity  errors,  ate. 

It  should  also  be  noted  that  all  factors  are 
evaluated  as  they  appeared  in  May  1990. 

There  are  clearly  two  groups  where  in  the 
lower,  the  SMH-C  and  the  DSH-B  fall  out 
becuse  of  poorer  general  performance,  and 
specifcally  on  cabling  and  on  hydrogen 
respectively. 


Fig.  4 

It  can  be  seen  that  the  SMh-A  fibre 
attenuation  follows  the  fibre  strain  curve, 
while  the  SMH-C  increases  dramatically. 


Hydrogen  level 

A  35  m  length  of  complete  cable  was 
placed  in  a  chamber  in  water  where  the 
temperature  can  be  varied  to  perform 
accelerated  hydrogen  generation  tests.  All 
12  non-hermetic  fibres  in  a  sample  cable 
were  loop  spliced  together,  and  spectral 
attenuation  measurements  were  carried  out  at 
different  temperatures  over  a  period  of  4 
months. 

Based  on  these  measurements  the  hydrogen 
pressure  was  determined  to  be  approximately 
0.8  atm.  at  a  water  temperature  of  10  °C. 

Choice  of  fibre 


The  fibre  to  be  used  in  the  Cook  Strait 
cable  was  then  selected  on  the  basis  of  the 
data  above.  As  there  were  many  parameters 
involved  a  scheme  was  used  were  all 
parameters  were  rated  from  1  to  10  based  on 
performance  and  perceived  importance  for 
this  project.  The  results  were  grouped  and 


turned  out  as 

shown 

below 

SMH- 

A  SMH-C 

DSH-B 

DSH 

Hydrogen 

6 

9 

2 

10 

Fatigue 

6 

5 

10 

5 

Splicing 

10 

7 

4 

10 

Cabling 

7 

1 

10 

10 

Commercial 

10 

2 

4 

6 

Customer 

10 

10 

5 

5 

Total 

49 

34 

35 

46 

The  tests  show  that  the  DSH-C  fibre  is 
technically  better  than  the  SMH-A  fibre. 
However,  when  the  commercial  element  (price 
and  delivery  time)  and  the  fact  that  the 
customer  has  specified  a  standard  fibre  was 
taken  into  account,  the  SMH-A  fibre  was 
selected. 


Manufacturing  experience 

Neither  during  manufacturing,  loading, 
transport  nor  installation  had  special 
measures  to  be  imposed  because  the  cable 
contained  hermetic  fibres.  The  cable  was  at 
all  stages  handled  as  it  would  have  beer, 
with  "normal"  fibres. 


Attenuation 


The  requirement  from  the  customer  was 
that  the  attenuation  of  the  fibres  should  be 
less  than  0.27  dS/km  at  1550  nm  in  cable. 
The  attenuation  of  the  fibres  were  measured 
after  every  process  with  an  OTDR,  and  the 
results  at  1550  nm  are  shown  below. 


Production  dB/km 


stage 

mean 

max 

Incoming  inspection 

0.22 

0.23 

Stranding 

0.22 

0.23 

Inner  sheath 

0.22 

0.23 

Armouring 

0.22 

0.23 

Installation 

0.22 

0.24 

A  repair  splice  had  to  be  performed  during 
the  marine  operation,  which  accounts  for  the 
slight  increase  in  the  "after  installation" 
figure  with  repsect  to  the  other  processes. 
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The  internal  requirement  defined  from 
the  results  from  the  qualification  tests  was 
a  factory  splice  loss  <0.1  dB/splice,  and 
a  proof  test  level  of  1.2  %.  The  proof  test 
of  the  fresh  fibre  was  1.0  %.  The  fibres 
were  spliced  in  the  stranding  machine  from 
individual  lengths  of  11  km. 

A  total  of  86  factory  splices  were  made 
during  manufacturing  with  a  mean  splice  loss 
of  0.05  dB.  The  maximum  value  was  0.10  dB. 

It  should  however  be  noted  that  splice  tests 
carried  out  during  incoming  inspection  on 
the  fibres  revealed  that  it  was  difficult  to 
use  the  splicing  parameters  arrived  at 
during  qualification  and  achieve  the  same 
low  loses  on  the  delivery  fibres.  The  splice 
parameters  therefore  had  to  be  defined 
again. 

In  hindsight  it  could  also  be  commented  that 
the  internal  requirement  on  factory  splice 
loss  is  more  stringent  than  it  need  be  to 
satisfy  the  specification  cn  average  fibre 
atttenuation,  and  this  might  have  been 
relaxed,  rather  than  to  spend  the 
considerable  effort  of  establishing  a  new 
set  of  splicing  parameters.  However,  at  the 
time  it  was  decided  to  keep  to  the  specified 
value . 


It  has  been  shown  that  hermetic  fibres 
are  now  state  of  the  art.  They  can  be 
handled  in  any  existing  cable  designed  for 
"normal"  fibres  without  any  special 
consideration. 

The  inclusion  of  the  right  hermetic  fibres 
will  eliminate  any  hydrogen  problem,  even  in 
the  designs  with  the  highest  published 
hydrogen  levels  (close  to  10  atm) . 

Two  43  km  lengths  of  an  "open"  design  cable 
with  hermetic  fibres,  an  unusually  heavy 
armour  and  a  traditional  outer  protection 
has  been  designed,  manufactured  and 
installed.  The  internal  hydrogen  pressure  is 
about  0.8  atm,  but  the  projected  impact  on 
attenuation  is  <<0.0001  dB/km  at  1550  nm 
after  25  years. 
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Hydrogen 

As  part  of  the  incoming  inspection  a  sample 
testing  on  the  hydrogen  resistance 
performance  was  carried  out. 

This  test  showed  that  the  results  achieved 
for  the  fibres  received  for  the  real 
manufacturing  were  different  from  those 
achieved  for  the  qualification  fibres. 
Looking  at  the  values  transposed  to  25  years 
and  10  ”C  they  were  as  follows  in  dB/km/atm 
at  1550  nm : 

SMH-A  qualification  6.4x10-4 
SMH-A  manufacturing  7.0x10-5 


Installation 

The  two  4  3  km  lengths  of  fibre  optic 
cables  were  sucsessfully  installed  together 
with  three  high  voltage  cables  in  the  Cook 
Strait  by  the  c/s  Skagerrak  during  the  first 
quarter  of  1991. 
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ABSTRACT 

Submarine  cable  systems  are  required  to 
have  a  very  high  reliability  over  a  twenty 
five  year  lifetime.  This  means  that  all 
manufacturing  processes  and  production 
screening  tests  are  designed  to  a  very 
high  standard. 

This  paper  concentrates  on  one  specific 
component  of  a  submarine  system  -  the  high 
voltage  polyethylene  cable  insulation  and 
mouldings.  Relationships  between 
insulation  and  moulding  structure  and  DC 
high  voltage  breakdown  performance  are 
demonstrated,  and  factors  giving  rise  to 
DC  ageing  effects  are  discussed.  It  is 
concluded  that  space  charge  effects  are 
the  prime  cause  of  ageing  and  it  is  shown 
how  a  new  method  for  measuring  space 
charge,  the  pressure  wave  propagation 
technique,  could  become  an  extremely 
efficient  production  tool  for  screening 
mouldings  to  ensure  high  reliability. 

1.  INTRODUCTION 

Submarine  cable  systems  are  designed  with 
a  high  reliability  factor,  particularly  in 
view  of  the  difficulty,  cost  and 
timescales  of  repair  operations.  All 
system  components  including  cable,  are 
engineered  in  this  way;  the  properties  of 
the  optical  fibres,  for  exeunple,  are  very 
well  understood,  so  that  parameters  such 
as  proof  test  levels  can  be  defined  to 
provide  high  reliability  fibre  at  minimum 
cost.  Submarine  systems  are  currently  DC 
powered  a  maximum  voltage  of  10  kV  and 
are  designed  for  a  25  year  lifetime.  In 
consequence,  stringent  proof  tests  are 
applied  to  submarine  cable  polyethylene 
insulation  and  mouldings,  and  an 
insulation  thickness  is  employed  which 
gives  a  large  safety  factor  compared  with 
the  theoretical  and  actual  breakdown 
strength  of  the  material. 

With  the  advent  of  optical  amplifier 
systems,  system  voltages  could  be  even 
higher  than  at  present.  This  paper 
describes  the  results  of  a  programme  of 
work  aimed  et  understanding  DC  breakdown 


and  ageing  behaviour  of  DC  insulation  in 
order  to  achieve  high  reliability  at 
minimised  cost. 

Traditionally,  DC  insulation  behaviour  is 
poorly  understood  compared  with  AC 
insulation.  In  DC  insulation  there  are  no 
fatigue  related  ageing  mechanisms  such  as 
water  treeing*^’,  and  no  direct  means  of 
predicting  lifetime  from  simple  short  term 
tests  as  in  AC  However,  the  measured 
breakdown  strength  still  remains 
considerably  below  that  of  the  theoretical 
value,  and  high  reliability  is  often 
achieved  by  over-specification  and  over 
engineering. 

It  is  becoming  increasingly  accepted  that 
DC  ageing,  if  it  occurs,  is  associated 
with  space  charge  effects'^’.  Previously, 
this  has  been  almost  impossible  to 
quantify,  but  recent  developments  in 
analytical  techniques  have  enabled  direct 
measurements  of  space  charge  magnitudes 
and  spatial  distribution  to  be  made'*’ . 

Discontinuities  such  as  mouldings  or 
joints  in  bulk  insulation  are  generally 
considered  to  be  potentially  the  weakest 
link.  This  programme  has  therefore 
concentrated  on  the  relationship  between 
physical  and  morphological  aspects  of  the 
insulation  in  moulded  joints  and  DC 
breakdown  and  ageing  behaviour,  together 
with  preliminary  findings  of  space  charge 
measurements . 

The  work  is  reported  in  three  sections: 

(i)  Assessment  of  bulk  breakdown 
behaviour  and  ageing. 

(ii)  Relationship  between  breakdown 
behaviour  and  polymer  structure. 

(iii)  Space  charge  determination  as  a 
measure  of  DC  ageing. 


2.  DC  BREAKDOWN  BEHAVIOUR  IN  BULK 
POLYETHYLENE  MOULDINGS 

In  AC  insulation,  a  relationship  exists 
between  measured  electrical  breakdown 
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strength  and  the  rate  of  voltage  increase 
during  the  test  procedure.  This 

relationship  can  be  used  to  yield 
information  relating  to  the  ageing 
behaviour  of  the  insulation*^’.  No  similar 
relationships  have  been  reported  for  DC 
insulation,  and  the  work  in  this  section 
investigates : 

(i)  whether  there  is  an  effect  of  ramp 
rate  on  breakdown  strength, 

(ii)  whether  ageing  occurs  in  DC 
insulation  by  a  different 
mechanism  than  AC. 

Laboratory-produced  test  plaques  have  been 
used  to  examine  specific  materials 
parcuneters,  but  all  ageing  measurements 
have  been  carried  out  on  actual  submarine 
cable  mouldings  manufactured  on  production 
equipment,  in  order  to  reproduce  full 
details  of  production  mouldings.  The 
typical  insulation  thickness  in  production 
mouldings  is  -6  mm. 

All  measurements  have  been  carried  out 
using  negative  polarity,  as  previous 
breakdown  strength  measurements  on  cable 
have  indicated  this  to  be  the  most  severe 
condition. 


2 . 1  Effect  of  Ramp  Rate 

To  investigate  the  effect  of  ramp  rate, 
breakdown  strength  measurements  were 
carried  out  on  sets  of  15  compression 
moulded  seunples  at  four  ramp  rates  from 
30  kV  min"’  to  120  kV  min"’  on  250  jim 
plaques  manufactured  from  submarine  cable 
grade  polyethylene.  Figure  1  is  a 
schematic  diagram  of  a  test  plaque,  and 
test  results  are  shown  in  Table  1 .  It  can 
be  seen  that  there  is  no  significant 
effect  of  ramp  rate,  with  the  Weibull 
characteristic  breakdown  strength 
typically  in  the  region  430  kV  mm"*  to 
470  kV  mm"’. 


Ramp  Rate 
kV  min"’ 

Weibull  Characteristic 
Breakdown  Strength, 
kV  mm"’ 

30 

426 

60 

442 

90 

470 

120 

458 

Table  1 

Weibull  Characteristic  Breakdown  Strength 
as  a  Function  of  Ramp  Rate  for  Compression 
Moulded  Samples 


FIGURE  1 .  Schematic  diagram  of  test 
plague 

2 . 2  Ageing  Effects 

A  number  of  factors  could  give  rise  to 
ageing  phenomena  in  DC  insulation,  from 
macroscopic  effects  such  as  contaminants 
to  microscopic  effects  such  as 
morphological  features.  This  section  of 
the  programme  concentrates  on  the  effect 
of  inclusions. 

Two  sets  of  test  samples  were  prepared 
using  standard  production  equipment. 
Figure  2  shows  a  schematic  diagram  of  a 
typical  moulding.  The  first  sample  set 
was  prepared  under  a  typical  clean 
production  environment,  and  the  second  set 
was  prepared  by  introducing  a  low  level  of 
metallic  and  organic  particles  into  the 
moulding. 


Each  sample  set  was  divided  into  two 
groups.  The  first  group  was  tested  by 
ramping  to  failure  at  a  rate  of 
60  kV  min"’.  The  second  set  was  subjected 
to  a  static  voltage  of  100  kV,  which  was 
significantly  lower  than  the  measured  ramp 
breakdown  voltage.  Samples  were  aged  at 
this  static  voltage  for  a  maximum  of 
76  days,  and  the  time  to  breakdown  was 
noted  for  any  samples  which  failed. 
Results  are  shown  in  Table  2. 


»09  C 


E 


\ 

/  - 

FIGURE  2.  Schematic  diagram  of  typical 
moulding.  Dimensions  in  mm 
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The  results  indicate  that  in  these 
scunples,  little  change  is  seen  in  the  bulk 
breakdown  behaviour  measured  by  ramping  to 
failure  (although  there  is  a  marked 
difference  between  the  breakdown  strength 
measured  here  and  that  measured  on 
laboratory  plagues).  However,  there  is  a 
very  clear  ageing  effect  in  contaminated 
scunples  -  breakdown  can  occur  in  times  as 
short  as  a  few  days  at  100  kV  compared 
with  times  in  excess  of  76  days  with  no 
breakdown  observed  in  standard  samples. 


3.  RELATIONSHIP  BETWEEN  STRUCTURE  AND 
BREAKDOWN  IN  SUBMARINE  CABLE 
MOULDINGS 

3 . 1  Structure  and  Morphology  of 
Mouldings 

Submarine  cable  mouldings  are  manufactured 
by  an  injection  moulding  technique  using 
a  single  point  injection  and  two  vent 
ports.  The  major  difference  between  this 
technique  and  a  conventional  injection 
moulding  process  is  that  this  is 
essentially  an  injection  weld  -  the  ends 
of  the  mould  cavity  are  actually 
polyethylene,  which  melts  and  bonds  to  the 
injectate  during  the  moulding.  One  end  of 
the  cavity  is  cable  polyethylene,  and  the 
other  end  is  a  premoulded  polyethylene 
sleeve . 

Series  of  'short  shot'  mouldings  combined 
with  microscopic  analysis  of  moulded 
sections  has  permitted  modelling  of  the 
detailed  polyethylene  flow  behaviour 
inside  the  mould  cavity.  Figures  3-5  show 
a  typical  'short  shot'  moulding  using 
coloured  injectate.  This  has  enabled  the 
shape  and  nature  of  the  injection  weld 
region  to  be  established.  The  injection 
process  leads  to  two  circumferential 


FIGURE  4  .  Short  shot  moulding  viewed  from 
vent  position 


FIGURE  5.  Short  shot  moulding  viewed 
end-on 
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amalgamations  at  the  cable  end  and  the 
premoulded  sleeve,  and  also  a  longitudinal 
amalgcunation  where  the  two  melt  fronts 
meet.  Figure  6  shows  a  schematic  diagram 
of  the  mould  filling  process. 

Figure  7  shows  a  cross  section  taken  from 
the  cable  end  of  the  moulding  along  the 
vent  position.  There  are  several  key 
features  to  be  noted  here;  (a)  is  the 
amalgamation  boundary  itself,  where  the 
injected  polyethylene  welds  to  the  parent 
cable  polyethylene.  In  tiie  injected 
polyethylene  itself,  flow  lines  are 
evident,  (b) .  A  second  boundary,  (c)  is 
evident  in  the  parent  cable  beyond  the 
amalgamation  boundary  (a).  This  is  the 
melt  boundary,  showing  the  position  to 
which  the  parent  polyethylene  melts  back 
during  the  moulding  process.  The  region 
between  (a)  and  (c)  is  therefore 
completely  molten  during  the  moulding 
process.  The  parent  polyethylene  beyond 
(c)  has  been  subjected  to  a  thermal 
gradient  associated  with  the  mould  cooling 
regime. 


The  thermal  gradient  can  be  measured  by 
differential  scanning  calorimetry  (DSC), 
(Figure  8)  and  results  in  a  local  density 
change  away  from  the  melt  boundary, 
(Figure  9 ) . 


FIGURE  9. 
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If  the  thermal  gradient  is  too  steep,  then 
high  localised  stresses  will  be  produced 
due  to  the  local  density  changes,  and  the 
amalgamation  boundary  approaches  the  melt 
boundary,  (Figure  10).  This  leads  to 
mechanical  and  electrical  weaknesses  in 
the  moulding,  and  even  local  voiding,  as 
seen  in  Figure  10,  and  therefore  thermal 
gradients  are  kept  as  shallow  as  possible 
within  the  constraints  of  the  moulding 
process . 

When  samples  have  been  contaminated,  the 
most  often  observed  contamination  site  is 
the  amalgeunation  boundary,  (Figure  11). 
This  is  to  be  expected,  as  any 
contamination  present  either  within  a 
mould  cavity,  on  cut  surfaces  of  the 
insulation  or  at  the  injectate  front,  will 
be  swept  ahead  of  the  injectate  during  the 
mould  filling  process  and  be  trapped  at 
the  amalgamation  boundary. 

Similar  features  are  observed  at  the  other 
end  of  the  mould  cavity,  where  the 
polyethylene  injectate  bonds  to  the 
premoulded  sleeve. 


3.2  Breakdown  Effects  in  Moulding 

This  work  concentrates  on  correlations 
between  observed  structure,  breakdown 
events  and  measured  breakdown  strengths  in 
submarine  cable  mouldings  manufactured  on 
production  equipment. 

In  controlled  experiments  scunples  with  a 
high  concentration  of  inclusions  which 
break  down  at  low  voltages,  typically 
<  100  kV,  generally  exhibit  a  'wormhole' 
breakdown  track  closely  associated  with  an 
amalgeunation  boundary,  (Figure  12).  In 
these  cases  it  is  often  possible  to 
observe  remnant  inclusions  in  the  vicinity 
of  the  breakdown  track.  It  is  likely  that 
an  inclusion  layer  on  the  amalgeunation 
boundary  forms  a  low  resistance  path,  and 
breakdown  probably  occurs  by  thermal 
runaway.  In  some  cases  a  heat  affected 
zone  is  visible  around  the  breakdown  path, 
(Figure  13 )  . 


FIGURE  10.  Moulding  showing  small  cavity 
due  to  proximity  of  melt  and 
amalgamation  boundaries 


FIGURE  11.  Moulding  showing  large  scale 
and  small  scale  contaminants 
on  amalgamation  boundary 


FIGURE  12.  'Wormhole'  breakdown  on 
amalgamation  boundary 
(transverse  section) 


FIGURE  13.  'Wormhole'  breakdown  showing 
heat-affected  zone 
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This  type  of  breakdown  is  also  possible 
when  there  are  only  low  levels  of 
inclusions,  if  they  are  orientated  in  such 
a  way  as  to  form  a  continuous  path.  When 
this  occurs,  a  low  resistance  path  still 
forms  at  the  amalgcunation  boundary,  and 
breakdown  still  occurs  at  relatively  low 
voltages. 

If  inclusions  are  randomly  distributed  in 
a  moulding,  however,  they  do  not 
necessarily  appear  to  contribute  to  the 
breakdown  event. 

The  amalgamation  boundary  itself  is  not 
always  the  weakest  link.  Breakdown 
sometimes  occurs  along  local  sites  of  high 
mechanical  stresses.  Figure  14  shows  a 
breakdown  site  in  a  moulding  where  there 
was  high  mechanical  stress  and  where 
inclusions  had  been  concentrated. 

When  mouldings  have  been  produced  using 
steep  temperature  gradients  so  that  the 
melt  and  amalgamation  boundaries  are  very 
close,  low  voltage  breakdowns  may  occur  in 
this  region  of  high  stress  due  to  voids  or 
cavities  being  produced,  as  discussed  in 
the  previous  section.  Figure  15  shows  the 
breakdown  track  in  a  sample  which  failed 
at  <100  kV.  A  cavity  at  the  breakdown 
inception  site  is  clearly  visible. 


FIGURE  14 .  Breakdown  associated  with 
mechanical  stress 


In  some  breakdown  events  where  limited 
ageing  has  occurred,  breakdown  is  clearly 
independent  of  the  flow  patterns  in  the 
moulding.  Figure  16  shows  a  breakdown 
which  has  occurred  at  235  kV,  caused  by  an 
electrical  tree.  The  sample  had 
previously  undergone  ageing  for  nine  days 
at  100  kV.  The  tree  has  initiated  at  the 
outside  surface  of  the  insulation,  and  has 
progressed  through  the  material 
independently  of  the  flow  patterns.  Once 
the  tree  has  approached  the  central 
conductor,  electron  injection  has  occurred 
and  thermal  runaway  finally  takes  place 
through  the  'branch'  of  lowest  resistance. 
Similar  tree  breakdowns  also  occur  at  very 
high  voltages  during  ramp  tests. 


FIGURE  15.  Breakdown  due  to  proximity  of 
melt  and  amalgamation 
boundaries 


FIGURE  16.  Electrical  tree  breakdown. 

independent  of  flow  lines 
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4.  SPACE  CHARGE  MEASUREMENTS 

Space  charge  can  now  be  measured  directly 
in  bulk  polymers  by  means  of  a  pressure 
wave  propagation  technique,  originally 
developed  by  Lewiner.  A  laser  is  used  to 
produce  an  intense,  rapid  pressure  wave 
which  propagates  through  a  Scunple.  As  the 
pressure  wave  sweeps  through  the  seunple, 
the  atomic  structure  is  compressed,  and 
two  effects  are  observed; 

(i)  displacement  of  charge, 

(ii)  variation  of  relative  permittivity 

By  monitoring  the  current  as  the  pressure 
wave  traverses  the  sample  it  is  therefore 
possible  to  observe  an  image  of  the  charge 
distribution  in  the  sample.  Figure  17 
shows  a  schematic  diagram  of  the  process. 

A  preliminary  study  using  this  technique 
has  investigated  whether  space  charge  can 
develop  in  submarine  cable  mouldings. 

Scunples  were  cut  from  amalgamation 
boundaries  and  injected  polyethylene  in 
uncontaminated  scunples.  These  were  then 
subjected  to  9  kV  DC,  and  probed  for  space 
charge  using  the  pressure  wave  propagation 
technique.  In  all  samples  there  was  a 
gradual  increase  in  space  charge  with  time 
up  to  a  maximum  level,  which  was  reached 
within  21  days.  All  samples  attained  the 
same  level  of  space  charge  within  that 
time. 

When  a  higher  voltage  of  30  kV  was  applied 
to  the  saunples,  the  same  maximum  level  of 
space  charge  was  reached,  but  within  a 
much  shorter  time  period  (typically  one 
day)  . 

Figure  18  shows  a  typical  pressure  wave 
propagation  trace. 


•  l•ctrod••  lampi* 


FIGURE  17.  Schematic  diagram  of  pressure 
wave  propagation  technique 
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FIGURE  18.  Typical  pressure  wave 
propagation  trace 


5.  DISCUSSION 

Work  described  in  sections  3  and  4  shows 
how  the  reliability  of  mouldings  can  be 
increased  by  controlling  the  structure, 
and  explains  many  features  of  structure 
and  contamination  related  breakdown. 

Examples  of  short  term  rcunp  breakdowns 
were  shown,  as  well  as  breakdowns 
occurring  at  static  voltages  after  a 
finite  ageing  period.  Although 
differences  in  the  type  of  breakdown  are 
evident  between  low  and  high  voltages 
{ 'wormhole'  to  tree  breakdown)  ,  no  obvious 
visual  differences  could  be  seen  between 
short  term  and  ageing  breakdown. 

Work  described  in  section  2 . 1  showed  that 
there  was  no  dependence  of  breakdown 
voltage  upon  ramp  rate.  This  implies  that 
the  probability  of  breakdown  under 
constant  stress  is  independent  of  time,  so 
that  the  insulation  will  either  break  down 
on  the  timescale  of  a  ramp  experiment  at 
the  applied  voltage  V,  or  survive 
indefinitely  at  that  voltage. 

Results  in  section  2.2  for  samples 
containing  inclusions  show  that  this  is 
clearly  not  the  case,  and  that  time 
dependent  processes  do  occur.  There  are 
a  number  of  time  dependent  processes  which 
may  occur  in  DC  insulation,  all  of  which 
involve  space  charge  build-up.  These  can 
include  mechanisms  such  as  local  currents 
(due  to  the  polymer's  inhomogeneous 
semicrystalline  structure)  and  partial 
discharges  in  voids.  In  both  of  these 
cases,  local  damage  is  caused  in  the 
insulation  the  effect  of  which  is  actually 
minimised  by  space  charge  build-up.  These 
processes  are  therefore  unlikely  to  be 
responsible  for  the  observed  constant 
stress  failures. 
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A  third  mechanism  which  is  more  likely  to 
be  responsible  is  hetero-charge  build-up. 
Hetero-charge  clouds  are  formed  when 
charges  from  the  bulk  of  the  insulation 
are  attracted  towards  the  counter 
electrodes,  which  causes  an  increase  in 
the  local  field  in  this  region.  Under  DC 
stresses,  the  hetero-charge  may  continue 
to  increase  over  a  period  of  time.  This 
continues  to  increase  the  field  at  the 
electrodes  until  breakdown  takes  place  by 
the  easiest  mechanism  such  as  charge 
injection  from  the  counter  electrode 
giving  thermal  runaway,  or  rupture  of  a 
mechanically  weak  path.  The  origin  of  the 
charge  carriers  may  be  various,  from 
dissociable  contaminants  or  electrode 
injection  for  example.  This  mechanism 
will  therefore  exploit  any  weaknesses  or 
combination  of  weaknesses  present  in  the 
material,  such  as  regions  of  high 
localized  mechanical  stress,  contaiminants, 
high  conductivity  etc,  particularly  where 
any  of  these  elements  create  an  orientated 
plane  in  the  insulation. 

If  ageing  and  breakdown  is  likely  to  occur 
by  this  mechanism,  then  measurement  of 
space  charge  under  a  constant  DC  voltage 
would  be  likely  to  show  the  space  charge 
magnitude  increasing  with  time  (until 
breakdown  finally  occurs).  This  is 
clearly  different  from  normal  samples 
which  appear  to  reach  a  ceiling  level  in 
space  charge  irrespective  of  time  or 
voltage . 

Although  further  work  is  necessary,  these 
initial  findings  suggest  that  space  charge 
measurement  is  a  technique  which  can  be 
used  as  a  screening  test  to  detect  the 
potential  for  ageing  in  mouldings. 


6.  CONCLUSIONS 

As  submarine  cable  systems  are  designed 
for  high  reliability,  manufacturing 
processes  and  screening  techniques  have 
been  developed  to  a  very  high  standard  to 
eliminate  defects  and  inhomogeneities 
detrimental  to  short  and  long  term 
performance.  This  has  been  achieved  by  an 
understanding  of  the  factors  giving  rise 
to  electrical  weaknesses  and  thereby 
controlling  moulding  processes 
accordingly . 

This  work  has  given  further  insight  into 
ageing  processes  in  DC  insulation,  and  has 
indicated  how  a  new  analytical  tool  could 
be  used  as  very  efficient  alternative 
screening  process.  It  has  been  shown  that 
ageing  processes  appear  to  be  associated 
with  unlimited  space  charge  build-up,  and 
the  pressure  wave  propagation  technique  is 
an  invaluable  new  method  for  direct 


detection  of  this,  as  this  work  has 
demonstrated  that  ageing  processes  in  DC 
insulation  cannot  be  detected  by  the 
accelerated  technique  used  in  AC 
insulation. 

Although  further  work  is  required  to 
establish  in  detail  how  the  pressure  wave 
propagation  technique  could  be  used  as  a 
rapid  method  to  identify  mouldings 
susceptible  to  DC  ageing  processes,  it  is 
envisaged  that  this  technique  will  become 
an  important  screening  test  in  submarine 
systems  manufacture. 
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ABSTRACT 

Research  and  field  experience  showed  that  molecular  hydrogen 
entering  into  submarine  optical  fiber  cables  cause  signal  attenuation  in 
the  fibers.  The  results  of  our  laboratory  and  field  studies,  reported  in 
this  paper,  indicate  that  hydrogen  formed  by  corrosion  of  the  armor 
wires,  by  stray  dc  current  pick-up,  and  by  hydrogen-producing  bacteria 
in  the  surrounding  environment  caimot  be  kept  out  of  the  fibers  by 
overlapped,  corrugated  steel  shield.  However,  hermetically  scaled  lead 
and  copper  tubes  can  stop  hydrogen  permeation  into  the  fibers.  The 
level  of  signal  attenuation  is  directly  proportional  to  the  partial 
pressure  of  hydrogen  inside  the  cable.  In  the  laboratory  we  have 
measured  hydrogen  indicators  between  2.3  and  6.2  dB/km.  In 

the  field,  because  of  the  high  over-all  pressure  in  deep  waters,  in 
excess  of  20  dB/km  was  mea.sured. 

Based  on  a  mathematical  model  of  diffusion  through  a  metal  tube, 
taking  into  account  the  high  over-all  pressure  in  deep  water,  and 
considering  long  term  reliability  we  propose  a  generic  requirement  and 
an  accompanying  test  to  eliminate  hydrogen  caused  signal  attenuation 
in  the  future. 


Introduction 

It  is  well  documented  in  the  literature  that  hydrogen  diffusion  into 
optical  fiber  cables  can  cause  signal  attenuation.''"”  Among  the 
several  possible  hydrogen  sources,  break-down  of  organic  materials  in 
the  cable  by  heat'^'  and  by  microorganisms*’*,  corrosion  of  metallic 
components  (e.g.  aluminum,  steel)  inside  the  cable, ”  corrosion  of 
the  galvanized  steel  armor  wire,'®""*’  and  the  effect  of  anaerobic 
hydrogen-producing  bacteria  in  the  environment  *'“'  have  been 
investigated. 

Our  early  laboratory  experiments  established  that  the  most  likely 
hydrogen  sources  for  submarine  optical  fiber  cables  are  corrosion  of 
the  armor  wires,  hydrogen-producing  bacteria,  and  the  combination  of 
these  two  sources.'""  Because  the  signal  attenuation  by  hydrogen 
diffusion  into  the  fiber  ha.s  been  reported  almo.st  cxclu.sivcly  in 
submarine  cables,  the  work  by  Anderson  cl.al*"  correlating  the 
attenuation  with  the  partial  presure  of  hydrogen  and  thus  with  the 
depth  of  water  at  the  location  of  the  cable,  is  particularly  important. 
We  should  not  lose  sight  of  the  fact  that  submarine  optical  fiber  cables 
can  be  part  of  the  Local  Exchange  Plant  as  well  as  the  Inter  Exchange 
Plant. 

Many  designs  of  optical  fiber  cables  have  an  overlapped,  corrugaled- 
slccl  inner  armor,  which  is  probably  not  an  effective  barrier  to 
hydrogen  which  can  diffuse  easily  into  the  cable  at  the  overlap  of  the 
lube.  Additionally,  attenuation  measurements  of  optical  fiber  cables 
with  hermetically  .scaled  lead  barriers  installed  at  water  crossings  have 
shown  little  or  no  hydrogen-caused  darkening,  even  though  these 
cables  have  uncoated  galvanizcd-stccl  armor  wires  that  arc  likely  to 
produce  abundant  hydrogen.l'^l  l'*l  Hydrogen  diffuses  through  solid 
lead  .slowly,  if  at  all*''’*,  so  it  is  likely  that  the  lead  acts  as  a  barrier 


against  ingress  of  hydrogen  into  the  cable.  Hermetically  sealed  tubes 
of  other  metals  may  also  prevent  hydrogen  from  getting  into  the  cable. 
Therefore,  it  would  be  useful  to  determine  the  rate  at  which  hydrogen 
diffuses  into  the  inner  parts  of  cables  of  different  designs  to  predict  the 
time  needed  for  the  cables  to  show  hydrogen-caused  darkening,  and 
h,,w  well  different  cable  designs  prevent  hydrogen  from  entering  the 
cable  interior.  A  mathematical  model  of  hydrogen  diffusing  through  a 
scaled  metal  tube  in  a  cable  sheath  may  give  insight  into  this  problem. 

Some  designs  of  underwater  cables  use  plastic-coated  armor  wires 
and/or  stainless-steel  armor  wires  to  prevent  the  formation  of 
corrosion-generated  hydrogen  at  the  cable.  This  may  reduce  the 
probability  that  the  cable  will  suffer  hydrogen-caused  signal 
attenuation,  but  it  may  still  be  possible  for  hydrogen  to  enter  the  cable 
under  some  conditions.  Although  stainless  steel  corrodes  more  slowly 
than  galvanized  steel,  enough  hydrogen  may  be  generated  cathodically 
to  cause  fiber  darkening.  Plastic  coverings  on  armor  wire  prevent 
hydrogen  generation  only  if  the  covering  remains  on  the  armor;  it  is 
possible  for  the  plastic  covering  to  be  damaged  during  cable 
iastallation  or  dredging,  which  will  expose  the  armor  to  corrosive 
conditions.  An  experiment  in  which  a  piece  of  cable  with  damaged 
plastic  jackets  on  the  armor  wires  is  exposed  to  salt  water  may  show 
whether  hydrogen-caused  fiber  darkening  is  possible  under  such 
conditions. 

Purpose  of  the  Experiments 

Our  laboratory  and  field  studies  are  conducted  as  part  of  a  program 
intended  to  formulate  generic  requirements  and  accompanying  te.sts 
intended  to  ensure  resistance  to  hydrogen-caused  signal  attenuation  in 
submarine  optical  fiber  cables. 

This  will  be  especially  important  if  telecommunications  signals  are 
transmitted  at  1550  nm,  since  hydrogen-caused  attenuation  is  greater  at 
1550  nm  than  at  1300  nm.  the  transmission  wavelength  currently  used. 
Also,  the  1300  nm  transmission  window  may  extend  from  1275  nm  to 
133t)  nm;  hydrogen-caused  attenuation  is  high  at  1275  nm. 

Experimental  Methods 
Laboratory  experiments 

A  widely  used  type  of  cable  was  exposed  to  conditions  that  imitate 
real-plant  environments  to  establish  whether  or  not  this  cable  structure 
can  provide  a  barrier  to  hydrogen  diffusion.  The  cables  were  expsrsed 
to  thc.se  environments  for  04  to  147  days.  During  this  time,  signal 
attenuation  in  the  1100-16(X1  nm  wavelength  range  and  partial  pressure 
of  hydrogen  inside  and  outside  of  the  cable  were  measured. 

The  hydrogen  permeation  experiment  was  done  by  scaling  a  short 
sample  of  cable  into  a  tube,  and  scaling  one  end  of  the  cable  into  a  gas 
sampling  apparatus,  taking  care  that  only  the  inner  portion  of  the  cable 
is  open  to  the  sampling  apparatus.  The  cable  may  be  exposed  to  a 
hydrogen  atmosphere  by  passing  hydrogen  gas  through  the  tube,  and 
the  amount  of  hydrogen  that  diffuses  into  the  cable  can  Iv  measured 
by  s.an)pling  small  portions  of  g.is  from  the  sampling  apparatus  and 
analyzing  it  for  hydrogen  content. 


International  Wire  &  Cable  Symposium  Proceedings  1991  643 


Field  experiments 

Electrochemical  tests  were  conducted  to  ascertain  the  corrosion  status 
of  the  armor  wires  on  attenuated  submarine  optical  fiber  cables  in 
various  telephone  plant  locations,  and  bottom  sediments  were  collected 
and  analyzed  for  hydrogen-producing  bacteria  at  the  same  locations. 

Materials  and  Laboratory  Test  Procedures 
Signal  attenuation  tests 

The  optical  fiber  cable  used  in  these  experiments  is  of  1.02  cm  (0.4  in) 
OD.  It  has  corrugated,  overlapped,  plastic-coated  steel  shield  under  a 
polyethylene  outer  jacket.  The  12  color-coded  fibers  are  located  in  a 
plastic  center  tube. 

Four  50-mcter  sections  were  cut  from  this  cable  and  coiled  in  two 
layers  on  the  outer  surface  of  a  rigid  PVC  cylinder  (Fig.  1)  that  has 
1.27  cm  (0.5  in)  OD  holes  2.54  cm  (1  in.)  apart  on  its  entire  surface. 
For  three  of  the  cable  samples,  0.23  cm  (0.091  in.)  OD  galvanized  steel 
wiie  was  placed  between  the  interstices  of  both  the  first  and  second 
layers  of  the  cable,  and  coils  of  the  same  wire  were  placed  inside  the 
three  PVC  cylinders  (Fig.  1).  The  cable  samples  and  a.ssociated 
galvanized  steel  wires,  and  one  cable  sample  without  exposed  metal 
were  placed  in  30-liler-capacity  glass  test  chambers  (Fig.  1).  These  test 
chambers  have  rigid  PVC  covers  secured  to  their  tops.  Gas  tightness 
of  the  test  chambers  was  ensured  with  VITON  seals.  The  cable  ends 
and  the  galvanized  steel  wire  ends  were  brought  above  the  cover  plate 
inside  epoxy  resin  filled  glass  tubes.  Other  associated  equipment; 
heaters,  a  platinum  auxiliary  electrode,  a  salt  bridge  for  a  calomel 
reference  electrode,  pressure  gauges,  valves  for  gas  sparging,  gas 
blanketing,  water  inlet,  gas-sampling  ports,  and  pressure  regulator 
were  also  attached  to  or  incorporated  into  glass  tubes  connecting  the 
insides  of  the  test  chambers  with  the  outside.  All  of  these  glass  lubes 
were  passed  through  stainless-steel  feed-throughs  that  were  threaded 
into  the  PVC  tops  (Fig.  2).  The  design  of  the  cable  end  and  fiber 
holders,  enabled  us  to  sample  the  gas  and  measure  the  over-all 
pressure  in  the  head  space  and  in  the  spaces  at  the  two  cable  ends, 
where  hydrogen  can  be  present  only  by  migration  through  the  cable 
(Fig.  2).  The  last  1.5  m  (5  ft)  of  fibers  at  both  cable  ends  were  used  to 
concatenate  the  12  fibers  to  form  a  600-meter-long  fiber,  and  to  splice 
the  two  ends  of  this  long  fiber  to  the  signal  attenuation  measuring 
equipment. 

The  .signal  attenuation  in  the  fibers  was  monitored  between  1100  nm 
and  16(X)  nm  with  equipment  similar  to  that  described  in  the  Electronic 
Industries  Association  Standard  ElA-455-78.  The  gas  samples  for  ail 
of  the  tests  were  analyzed  for  hydrogen  content  with  a  fiow-Mac 
isothermal  580-typc  gas  chromatograph  with  a  2.5iii-long,  3mm- 
diameter  molecular  sieve  .5A  column  and  thermal  conductivity 
detector.  Argon  carrier  gas  (99.998%)  was  used  at  a  flow  rate  of  30 
cm^/min.  The  column,  detector  and  injector  temperatures  were  set  to 
50,  135  and  1.35°C  respectively,  and  the  detector  current  was  40mA. 
The  detector  signal  was  recorded  and  processed  on  a  Spectra  Physics 
integrator. 

The  experiments  were  conducted  in  two  different  environments;  (a) 
.3.5%  (by  weight)  NaCI  solution,  and  (b)  a  culturing  solution  (Tabic  I) 
inoculated  with  a  hydrogen-producing  bacteria  (Ckxslridium 
acctobutylicum.  ATCC*  824). 

The  NaCi  solution  was  used  to  ascertain  whether  corrosion  of  the 
galvanized  .steel  (an  extensively  used  material  of  the  armor  wire  on 
submarine  cables)  can  generate  hydrogen  in  sufficiently  large  quantity 
so  that  its  diffusion  into  the  fiber  can  cause  signal  attenuation.  A 
further  use  of  the  NaCI  solution  was  the  .simulation  of  dc  stray  current 
pick-up.  using  a  poicntiostal  with  a  platinum  auxiliary  electrode  (stray 
current  source),  producing  hydrogen  evolution  at  the  surface  of  the 
galvanized  steel  wire. 


OM-VANIZEO 

STEB-WIRE 


A'r(  (■  =  American  Type  C  uUurc  (.ollcction 
1203  Parklawn  Drive.  RocKvilIc,  MI")  208.^2 


Figure  1.  Illuslration  of  the  cable  sample  on  PVC  cylinder  and  the 
aliachcd  galvanized  slccl  wire  inside  the  glass  lest  chamber. 


The  inoculated  culturing  solution  was  used  to  evaluate  the  signal* 
attenuating  effect  of  the  hydrogen-producing  bacteria  alone.  This  test 
represents  a  condition  where  the  armor  wires  are  insulated  and 
corrosion  cannot  contribute  to  the  evolution  of  hydrogen.  In  another 
test  chamber  the  hydrogen  was  generated  both  microbiologically  and 
by  corrosion.  The  culturing  solution  is  sufficiently  corrosive  to 
generate  enough  hydrogen  for  signal  attenuation.’ Wc  used  the 
hydrogen-producing  bacteria  alone  in  these  tests,  becau.se  our  previous 
studies  in  mixtures  of  hydrogen-producing  and  sulfalc-rcducing 
bacteria  indicated  the  rale  of  hydrogen  consumption  by  SRB  could 
only  temporarily  reduce  the  signal-attenuating  effect  of  the  hydrogen- 
producing  bacteria.* 

The  healer  units  in  the  test  chambers  were  adjusted  so  that  the  outer 
surface  temperatures  of  the  liquid-containing  tc.sl  chambers  were  32  — 
2®C.  In  three  of  the  lest  chambers,  two  containing  only  cable  and 
galvanized-stccl  wire  and  one  containing  only  cable,  the  hydrogen  was 
generated  by  corrosion,  microbiological  fermentation  of  dextrose,  and 
the  combination  of  corrosion  and  fermentation.  In  the  fourth  test 
chamber,  the  rest  potential  of  the  galvani/cd-stcci  wire,  measured 
against  a  saturated  calomel  reference  electrode,  was  established  in  two 
days;  then,  the  galvanized  steel,  the  calomel  reference  electrode  and  a 
platinum  auxiliary  electrode  were  connected  to  a  polenlioslal,  and  a 
potential  more  cathodic  than  the  rest  potential  was  imposed  upon  the 
galvanized  steel  (working  electrode).  This  experimental  set-up 
represented  dc  current  pick-up  by  the  galvanized  slccl  wire  from  a 
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LEGEND: 

I  VITONSEAL 

2.  PVC  COVER 

3.  PLATINin  AUXILi  RV  ELECTRODE 
4  VACUUM  STOPCO  OC 

5.  COPPER  TUBE 

6  EXPOXY  RESIN 

7  PRESSURE  GAUGE 

(FOR  INSIDE  T>e  CABLE) 

8.  CABLE  AND  FIBERS.  HOLDER 
9  PRESSURE  GAUGE 
(FOR  FCAD  SPACE) 

10.  GAS  SAMPLING  PORT 
(FOR  INSIDE  T>C  CABLE) 

I  I  GAS  SAMPLING  PORT 
(FOR  HEAD  SPACE) 

12.  GALVANIZED  STEEL  WIRES 

13.  OCCK  VALVE 

1 4.  heater 

1 5.  CALOMEL  REFERENCE  EUCTROOE 

16. KCI  SOLUTION 

I  ~.  AGAR  WITH  NaCI  SOLUTION 

18.  SALT  BRIDGE 

19.  stainless  steel  feed-through 
WITH  ZYTEL  FERRULE 

(SHOWN  WITHIN  BRACKETS) 

20.  needle  valve  for  gas  inlet 

21.  BALL  VALVE  FOR  LIQUID  INLET. 


Figure  2.  A  segment  of  the  PVC  cover  of  the  glass  test  chamber  with  the 

cable  end  holder,  heater,  salt  bridge  and  calomel  reference  electrode, 

pressure  gauge,  gas  sampling  port,  gas  inlet  and  liquid  inlet  valves  and  Pi  electrode. 


table  I 

Culturing  Solution  for  Clostridium  Acetobutylicum 


5  gram 

Bacto- peptone 

5  gram 

Bacto-trytone 

5  gram 

Yeast  extract 

10  gram 

Glucose 

0.(X)5  ram 

Hcmin 

0,2  ml 

0.5%  .solution  of  vitamin  K,  in  95%  ethanol 

20  ml 

Salts  so'ution 

1000  ml 

Deionized  water 

The  solution  pH  was  adjusted  to  7.3  ±  0.2  and  dega.ssed  with  Vj. 

After  tran.sferring  the  culturing  solution  into  the  test  chambers  and 
further  purging  with  Vj.  I  millimole  of  Na2S  was  added  as  reducing 
agent. 


Salts  .Solution  contains  per  1  liter  of  deionized  water 


0.23  gram  CaC/j-  2H2O 
O.dri  gram  M^SOy  IH2O 
1.0  gram  K2HPOi 
10.0  gram  NaHCO} 

2.0  gram  NaCI _ 


str  iy  current  source  (here  the  platinum  electrode);  field  installed  cable 
wiih  bare  armor  wire  may  pick  up  stray  currents  from  a  foreign  plant’s 
cathodic  protection  or  dc  transit  lines.  The  set  potential  difference  and 
the  current  flow  w,is  monitored.  Hydrogen  was  generated  at  the 
galvanized  steel  wire. 


The  signal  attenuation  was  measured  against  two  unexposed  reference 
fibers  in  all  the  test  chambers  at  54  different  wavelengths  between  1100 
nm  and  1600  nm.  >From  these  data  the  hydrogen  indicator, 
denned  by  Anderson  el  aJ.*"’  as  signal  attenuation  at  1240  nm  less  that 
at  1310  nm,  was  calculated  and  plotted  as  the  function  of  time. 

Gases  were  sampled  in  each  test  chamber  from  the  head  space 
(outside  the  cable)  and  the  two  cable  ends  (inside  the  cable)  using  a 
0.5  ml  gas-tight  syringe  with  a  valve.  The  chromatograph  was 
calibrated  each  day  that  gas  analyses  were  made  with  duplicate 
samples  of  0.250  ml  of  99.9%  hydrogen  and  0.500  ml  of  room  air 
(about  21%  oxygen  and  78%  nitrogen).  Data  for  the  partial  pressure 
of  hydrogen  ipiHi))  were  also  plotted  as  a  function  of  time. 

The  over-all  pressure  of  the  gas  in  the  head  spaces  and  at  the  two 
cable  ends  were  also  measured  to  be  taken  into  account  at  the 
calculation  of  the  p(H2)  values. 

Hydrogen  permeation  test 

Four  different  types  of  cable  were  exposed  to  hydrogen  in  this  work; 

1.  An  optical  fiber  cable  designed  for  underwater  installation  with 
an  overlapped  corrugated  steel  tube  and  pla.stic  coated  stainless 
steel  armor  wires. 

2.  A  lead-sheathed  cable  with  copper  wires  and  pulp  insulation. 

3.  A  coiixial  cable  with  a  hermetically  sealed  copper  tube. 

4.  An  optical  fiber  cable  designed  for  underwater  installation  with 
an  inner  lead  sheath  and  galvanized  steel  armor  witsS. 

The  armor  wires,  jute  and  tar  coverings,  and  outer  plastic  jackets  were 
removed  from  both  ends  of  the  optical  fiber  cable  samples,  leaving  5  to 
10  cm  of  the  inner  metal  tube  exposed.  Likewise,  the  polyethylene 
outer  layer  of  the  coaxial  cable  was  removed  to  expose  the  inner 
copper  tube. 

The  pieces  of  cable  were  scaled  with  epoxy  resin  in  either  a  glass 
hydrogen  exposure  vessel,  or  a  4-ineh  OD,  rigid,  p<ilyvinyl  chloride 
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pipe,  with  brass  fittings  for  hydrogen  inlet  and  exhaust,  shown  in  Fig.  3. 
A  gla.ss  gas  sampling  cap  (see  Fig.  3)  was  scaled  on  one  end  of  the 
cable  sample  so  that  only  the  inner  metal  tube  of  the  cables  was  open 
■o  gas  sampling  space.  The  gas-sampling  caps  were  made  with  vacuum 
stopcocks  and  septum  ports  to  allow  removal  of  gas  for  analysis  with  a 
.sNTingc.  The  other  end  of  the  cable  samples  was  completedly  sealed  in 
epoxy  resin.  The  length  of  cable  exposed  to  hydrogen  ranged  from  75 
to  ‘XI  cm. 

Septum  port 


♦ 


Figure  4  inch  O.D.  PVC  pipe  apparatus  for  hydrogen  exposure  of 
cables. 

Hydrogen  gas,  pure,  was  passed  through  the  gas  exposure  tubes 

at  a  flowrate  of  about  5  to  10  cm^/min,  so  that  the  cable  samples  were 
exposed  to  a  hydrogen  pressure  of  about  1  atm. 

In  a  separate  experiment,  not  involving  the  direct  introduction  of 
hydrogen,  a  piece  of  the  optical  cable  with  the  overlapped  barrier  had 
three  strands  of  the  nylon  jute  outer  covering  removed  and  the  pla.stic 
coating  on  the  exposed  stainless  steel  armor  wire  was  partially 
removed  with  a  rasp  to  simulate  severe  damage  to  cables  that  may 
occur  during  installation  or  dredging.  This  piece  of  cable  was  scaled  in 
a  4-inch  ()D,  rigid,  polyvinyl  chloride  pipe  and  a  gas  sampling  cap  with 
epoxy  resin  as  described  above  for  the  hydrogen  exposure  experiments. 
A  single  hole  was  drilled  in  the  pipe  to  allow  it  to  be  filled  with  a  3.5'? 
by  weight  NaCI  solution.  After  filling  the  pipe,  the  fill  hole  was  scaled 
with  a  rubber  stopper.  A  25  cm  length  of  the  cable  was  exposed  to  the 
salt  solution.  The  purpose  of  this  experiment  w.is  to  determine 
whether  stainless-steel  armor  wires  with  damaged  pla.stic  coating  in  a 
corrosive  environment  could  produce  enough  hydrogen  to  cause  fiber 
darkening. 

Periodically.  0.5  ml  samples  of  gas  were  taken  from  the  gas  sampling 
caps  for  hydrogen  analysis. 

Field  Tests 

Potential  survey 

The  potentials  of  the  galvani/ed-stcel  armor  wires  were  measured 
against  a  Cu/CuSO.,  reference  electrode  in  freshwater  and  against  ,an 


Ag/AgCI  reference  electrode  in  salt  water  as  a  function  of  distance 
from  the  water’s  edge  at  the  cable  crossing.  One  end  of  a  2500-foot 
lead  wire  on  a  reel  was  connected  to  the  cable  armor  in  a  manhole  20 
to  80  feet  from  the  water’s  edge.  The  other  end  of  the  wire  was 
connected  to  the  negative  terminal  of  a  recording  voltmeter  of  2.5 
megohm  input  resistance.  The  positive  terminal  of  the  recording 
voltmeter  was  connected  to  the  reference  electrode  through  a 
submersible  adapter  with  a  200-foot  lead.  The  recording  voltmeter, 
the  wire  reel  and  the  reference  electrode  were  placed  on  a  boat,  and 
by  slowly  moving  over  the  cable,  continuous  potential  measurements 
were  recorded. 

Bottom  Sediment  .Sample  Collection  and  Analysis 

The  bottom  sediment  samples  were  collected  at  35  to  65  feet  depth 
cither  by  divers  or  by  a  Jacobson  dredge,*  and  transferred  from  the 
dredge  into  glass  containers  with  plastic-lined  scrcw-cap  tops.  The 
containers  were  filled  to  the  brim  to  maintain  their  anaerobic 
condition,  and  stored  away  from  light.  The  te.st  samples  were  prepared 
in  a  glove  box  under  N2  atmosphere.  We  designed  the  glass  sample 
holders  to  maintain  anaerobic  conditions  and  to  minimize  the 
entrapment  of  N2  gas  in  them.  The  test  samples  were  prepared  in 
three  different  ways:  (1)  small  (0.,5g  to  l.Og)  sediment  sample  in 
cooked  meat  with  glucose  nutrient  to  establish  the  presence  or  absence 
of  hydrogen-producing  bacteria,  (2)  a  5.08  cm  (2  inch)  galvanized  steel 
wire  surrounded  with  the  sediment  sample  to  ascertain  the  hydrogen¬ 
generating  contribution  of  armor-wire  corrosion,  and  (3)  sediment 
sample  alone  to  see  if  hydrogen  can  be  generated  without  artificial 
additives.  Gas  samples  were  collected  from  the  test  specimen  holders 
in  0.5  ml  syringes,  and  analyzed  in  a  Gow-Mac  i.sothermal  580-typc  gas 
chromatograph. 

Results  and  Discussion 

The  most  important  result  of  the  experiments  in  this  study  is  that 
hydrogen  generated  by  corrosion,  stray  current  pick-up,  or 
microbiological  fermentation  of  hydrocarbons  can  diffuse  into  the 
fibers  in  the  cables  with  overlapped  steel  shields.  The  partial  pressures 
of  hydrogen  inside  the  cable  are  high  enough  to  cause  significant  levels 
of  signal  attenuation. 

/4.  The  effect  of  corrosion  of  galvanized  steel  wire  in  3.5'/i  NaCl 
solution. 

Figure  4  indicates  that  the  partial  pressure  of  hydrogen  (pfWz)) 
generated  by  corrosion  of  galvanized  steel  wires  gradually  increases 
with  time  and  levels  off  at  0.86  atm.  in  the  head  sp.ice  and  at  an 
average  of  0.81  atm  in  the  cable.  The  average  pfWz)  of  the  cable  was 
determined  by  adding  the  pf/fz)  values  measured  in  the  right  ar  left 
ends  of  the  cable  and  dividing  by  two.  The  corresponding  hye.ogen 
indicator  (//,aa)  is  6.2  dB/km.  Because  the  and  p{Hi)  vs,  time 
curves  look  very  similar,  regardless  of  the  source  of  the  hydrogen, 
instead  of  repeating  the  curves  the  equilibrium  values  of  the  above 
data  arc  li.stcd  in  Table  II.  The  attenuation  increase  observed  as  a 
result  of  corroding  galvanized  steel  wire  is  in  good  agreement  with  the 
results  of  Hardwick  ct  al.”'  measured  on  galvanized-stecl  armored 
optical  fiber  cable. 

B.  The  effect  of  stray  direct-current  pick-up  by  galvanized  steel  wire  in 
3.5'r  NaC'l  solution. 

In  the  experiment  where  the  current  pick-up  shifted  the  potential  of 
the  galvanized  steel  wire  by  (itVriV  in  the  negative  direction,  and  the 
current  varied  between  7(VnA  and  H5/riA  (corresponding  current 
densities  arc  6.1p.A/c/ri'  and  10p,A/cm'),  the  pfHz)  in  the  head 
space  reached  0.85  atm.  and  in  the  cable  an  average  of  0.76  atm.  The 
corresponding  reached  4.8  dB/km  (Table  II). 


IVo  g.llvani7cU  sleet  lead  weighted  half-estinders.  eonnceled  ihmugh  a  hinge  on  one 
Side  and  kept  open  bv  cilhcr  spnng  k>ading  or  a  mechanical  lalch  When  the  dredge 
conlacis  the  bo»om  Ihc  mechanism  that  kept  open  the  half-cylinders  rcleasc.s  and  the 
dredge  scixips  up  the  bottom  sediment. 
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Figure  4.  Hydrogen  indicator  and  hydrogen  partial  pressure 
I  curves  vs.  time  for  an  optical  fiber  cable  exposed  to 
3.5  percent  sodium  chloride  solution  and  corroding  galvanized 
steel  wire. 


TABLE  II 

Hydrogen  Indicator  and  Partial  Pressure  of  Hydrogen  Data 
of  the  Laboratory  Experiments 


Experimental  Conditions 

pHz 

In  Head  Space 
(atm.) 

AVCi.pHj 

In  C'able 
(atm.) 

Hind 

(dB/km) 

Cable  and  (jalvanized  Steel 

Wire  in  3.5'’r.  NaCI  Solution 

0.86 

0.81 

6.2 

Cable  and  Calvanized  Steel  Wire 
in  3.57(  NaCl  solution.  Stray  DC 
Current  Shifted  the  potential  of 
Wire  by  -.3()mV 

0.54 

0.55 

3.8 

Cable  and  (jalvanized  Steel  Wire 
in  3.5''/  NaCl  Solution.  Str.iy  DC 
Current  Shifted  the  potential  of 
Wire  by  -bllmV 

0.85 

0.76 

4.8 

i 

Cable  and  (Jalvani/cd  Steel  Wire 
in  X5''f  NaCl  Solution.  Stray  DC 
Current  Shifted  the  potential  of 
Wire  by  *‘X)mV 

0.78 

0.7() 

5.4 

C'able  in  Inoculated  Hydrogen- 
Producing  Bacteria  Culturing 
Soluiii>n 

0..35 

0.21 

Cable  and  (ialvani/ed  Steel 

Wire  in  Inoculated  Hydrogen- 
Producing  Bacteria  Culturing 
Solution 

0..86 

0.51 

5.*> 

In  a  separate  experiment,  the  current  pick-up  (UvuA  -  28.5  mA), 
corresponding  current  densities  1.4p,A/cm^  -  2.5p.A/coi^)  shifted  the 
potential  of  the  galvanized  steel  wire  by  .30  mV  in  the  negative 
direction.  The  corrc.sponding  gradually  increased  and  reached  a 
plateau  of  3.8  dB/km  (Table  II).  As  expected,  the  level  of  piH,)  and 
the  resulting  arc  dependent  on  the  magnitude  of  picked-up  stray 
dc  current  density. 


C.  The  effect  of  hydrogen-producing  bacteria  alone  on  the  signal 
attenuation  of  optical  fiber  eable. 

In  the  test  chamber  where  the  cable  sample,  without  any  metal,  wa' 
exposed  to  an  inoculated  hydrogen-producing  bacteria  culturing 
solution,  the  /"(/fz)  the  head  space  reached  0.35  atmosphere  over 
night  and  maintained  this  level  throughout  the  experiment.  The 
average  piHi)  in  the  cable  reached  0.21  atm.  The  corresponding 
gradually  increased  and  reached  a  plateau  of  2.3  dB/km  (Table  II). 
The  experiments  conducted  in  inoculated  hydrogen-producing  bacteria 
solution  show  that  the  hydrogen-producing  bacteria  alone  can  generate 
sufficient  hydrogen  to  cau.se  appreciable  signal  attenuation. 

D.  The  combined  effect  of  corrosion  and  hydrogen-producing  bacteria 
on  the  signal  attenuation  in  optical  fibers. 

In  the  lest  chamber  where  the  cable  sample  and  galvanized  steel  wire 
together  were  exposed  to  the  inoculated  culturing  solution  of 
hydrogen-producing  bacteria,  pf/Zz)  in  the  head  space  gradually 
increased  and  reached  0.86  atm.,  and  in  the  cable  the  average  pf/Zz) 
Oaltencd  out  at  0.51  atm.  The  corresponding  also  gradually 

increased  and  leveled  off  at  5.9  dB/km  (Table  II).  As  expected,  the 
combination  of  bacteria  and  galvanized  steel  corrosion  generated  more 
hydrogen  and  caused  more  than  twice  the  /Z;„a  than  the  bacteria  alone. 

E.  Potential  Surveys  of  Submarine  Optical  Fiber  Cables 

The  locations  where  the  potential  surveys  were  conducted  and  bottom 
sediment  .samples  were  collected  arc  characterized  in  Table  HI,  and 
are  designated  by  the  .same  letters  as  used  by  Anderson  el  al."” 

We  conducted  potential  surveys  at  two  fresh  water  crossings  (K  and  F). 
The  potential  survey  data  from  location  K  indicate  very  little  loss  of 
zinc.  This  means  that  even  relatively  low  rate  of  corrosion  can 
generate  enough  hydrogen  to  cause  signal  attenuation  in  optical  fiber 
cables.  The  data  from  location  F  show  the  presence  of  a  long  galvanic 
cell  where  the  armor  wire  potential  at  the  west  shore  is  -l.I  volt 
(anode)  and  at  the  cast  .shore  it  is  -0.55  volt  (cathode).  The  latest  1240 
nm  OTDR  measurements  at  this  location  showed  27.3  dB/km 
allenualion  at  ihc  cast  shore,  and  22.8  dB/km  at  the  west  shore.  The 
higher  attenuation  is  at  Ihc  cathodic  (hydrogen  producing)  end  of  the 
galvanic  cell.  The  magnitude  of  Ihc  attenuation  can  be  explained  by 
the  fact  that  the  water  is  200  feel  deep,  representing  more  than  7  atm. 
pressure  over  the  cable. 

We  conducted  potential  surveys  at  six  salt  water  localiims  using  an 
Ag/AgCI  reference  electrode.  The  suneys  at  locations  B  and  W  show 
armor  wires  with  very  little  loss  of  zinc.  The  corrosion  at  location  U  is 
more  advanced  than  at  B  and  W.  A  large  galvanic  cell  exist  between 
armor  wires  closer  than  0.3  km  to  the  shore  (anode)  and  the  armor 
more  distant  from  Ihc  shore  (cathode).  This  galvanic  cell  and  120  feel 
of  water  depth  arc  the  causes  of  the  high  (Table  III).  The  cables 
at  locations  S,  A  and  O  arc  buried  4  to  8  feel  deep  in  the  bottom 
sediment.  Their  potentials  are  uniform  from  shore  to  shore,  most 
likely  becau.se  Ihc  cables  arc  surrounded  by  salt  water  saturated  mud 
(Table  III).  The  potential  data  indicate  that  at  location  S  the  .armor  is 
completely  covered  by  zinc,  at  location  A  Ihc  zinc  is  partially  corroded 
away,  and  at  location  ()  most  of  the  zinc  is  gone  (Table  IV).  These 
differences  in  potential  do  not  necessarily  mean  widely  different  rales 
of  corrosion,  hut  rather  a  variation  of  zinc  coaling  thickness  on  the 
armor  wires. 

F.  Bottom  Sediment  Analysis  for  Hydrogen 

The  lioltom  sediment  samples  from  each  locations  were  kept  in  Ihc 
sample  holders  for  24  to  144  hours  before  sampling  for  ZZ;  gas.  The 
results  of  the  hydrogen  analyses  are  listed  in  Table  V. 

The  bottom  .sediments  of  all  locations,  both  fresh  and  salt  waters, 
contain  active  hydrogen-producing  bacteria  at  Ihc  cable  crossings.  The 
reason  why  the  bottom  .sediments  alone  generated  only  trace  to  small 
amounts  of  hydrogen  is  that  the  sediment  samples  contained  only  small 
a-niounis  of  material  from  which  the  bacteria  can  produce  hydroge" 
However,  the  main  .sources  of  the  hydrogen-producing  bacteria  are: 
medical  waste,  sewage  (both  human  and  animal),  food  and  s('me 
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TABLE  111 


Hydrogen  Permeation  through  Cables 


Characterization  of  the  Locations  of 
Potential  Survey  and  Bottom  Sediment  Collection 


Location 

Code 

Water 

type 

Depth 

(feet) 

Cable  inst. 
date 

Armor 

type 

1300nm 

loss 

(dB/km) 

1240nm 

loss 

(dB/km) 

(dB/km) 

K 

fresh 

20 

mid-1980’s 

double 

galv. 

steel 

0.41 

1.52 

1.02 

F 

fresh 

200 

1986 

double 

galv. 

steel 

NA 

NA 

25.0 

Y 

Z 

fresh 

13 

1986 

double 

galv. 

steel 

0.52 

0.61 

2.58 

2..35 

1.97 

1.64 

E 

salt 

120 

mid-1980’s 

double 

galv. 

steel 

0.82 

12.75 

11.84 

W 

salt 

40 

mid-1980’s 

double 

galv. 

steel 

0.69 

7.82 

7.04 

B 

salt 

60 

1985 

double 

galv. 

steel 

0.63 

5.16 

4.44 

A 

salt 

25 

mid-1980’s 

double 

galv. 

•Steel 

0.90 

4.97 

3.98 

s 

salt 

35 

mid-1980’s 

double 

galv. 

steel 

0.73 

8.62 

7.79 

o 

salt 

35 

_ 

mid-1980's 

double 

galv. 

steel 

1.08 

7.<M 

6.76 

TABLE  IV 


Figure  5  shows  the  partial  pressure  of  hydrogen, 
measured  in  the  gas  sampling  cap,  vs  time  for 
the  optical  fiber  cable  with  the  overlapped  corrugated 
steel  tube  exposed  to  1  atm  Hz-  The  piHz)  for  this 
cable  increased  to  0.1  atm  in  less  than  500  hours 
(about  3  weeks).  The  initial  slope  of  the  piHi)  vs 
time  data  is  3.5  x  10“^  atm/hour,  giving  a  linear 
penetration  rate  of  1.8  x  10"’  atm  cm^/cm/hour. 
This  shows  that  the  overlapped  barrier  allows 
penetration  of  a  significant  amount  of  hydrogen 
through  the  barrier  into  the  cable  core  where  the 
optical  fibers  arc  located,  which  will  cause  darkening 
of  the  fiber.  It  has  been  determined  that  0.1  atm  of 
hydrogen  is  enough  to  cause  problems  for 
telecommunications  signals.^'*!  This  hydrogen 
penetration  most  likely  occurs  at  the  overlap  of  the 
tube.  The  p(Hi),  measured  in  the  gas-sampling  cap, 
vs  lime  for  the  lead-sheathed  cable,  the  copper- 
sheathed  cable,  and  the  Icad-sbeathed  optical  cable  is 
shown  in  Fig.  6.  None  of  these  types  of  cables 
showed  more  than  0.001  atm  of  Hz  in  over  2000 
hours,  demonstrating  that  a  hermetically  scaled  metal 
tube  prevents  large  amounts  of  hydrogen  from 
diffusing  into  the  optical  fibers.  The  piHz),  measured 
in  the  gas-sampling  cap  vs  lime  for  the  optical  fiber 
cable  with  the  overlapped  corrugated  steel  tube  and 
damaged  plastic  coating  on  the  stainless  steel  armor 
wires  exposed  to  3.5%  NaCl  is  shown  in  Fig.  7.  A 
piHz)  of  0.04  atm.  of  hydrogen  was  attained  in  about 
1600  hours.  The  slope  of  pfHz)  vs  lime  is  3.2  x  10”^ 
atm/hour  or  a  linear  permeation  rate  of  2.3  x  10"’ 
atm  cm’ /cm/hour.  While  this  is  better  than  the  same 
type  of  cable  exposed  to  1  atm  of  hydrogen,  it  still 
shows  that  a  significant  level  of  hydrogen-cau.scd 
darkening  may  occur  vwlhin  a  year  or  two.  Note  that 
this  experiment  simulated  a  cable  with  severely 
damaged  plastic  coaling  over  the  armor  wire,  and 
many  cables  installed  at  water  crossings  may  not  be  as 
badly  damaged. 


Potential  Survey  Data  of  Galvanized  Steel  Armor 
Wires  on  Three  Submarine  Optical  Fiber  Cables 
at  Salt  Water  Crossings 


Location 

Depth 

(Feet) 

Hind. 

(dB/km) 

Potential  vs.  Ag/AgCl 
(volt) 

Average 

Maximum 

Minimum 

A 

25 

3.98 

-0.778 

-0.775 

-0.781 

S 

35 

7.79 

-0.949 

-0.946 

-0.953 

O 

35 

6.76 

-0.649 

-0.646 

-0.652 

soils.*"'  Therefore  we  cannot  exclude  the  pos.sihility  that  materials  for 
hydrogen  production  were  not  present  in  the  past  or  will  not  be 
pre-sent  in  the  future  in  large  quantities,  causing  substantial  hydrogen 
production  at  current  and  future  cable  crossings. 

The  data  obtained  from  the  sediment  samples  with  galvanized  steel 
(Table  V)  support  our  statement  that  armor-wire  corrosion,  indicated 
by  potential  surveys,  is  a  strong  contributor  of  hydrogen  that  causes 
signal  attenuation  in  the  submarine  optical  fiber  cables.  In  fact,  if  wc 
compare  the  hydrogen-analysis  data  of  the  bottom  sediments  with  and 
without  galvanized  steel  (Table  V),  the  corrosion  of  the  galvanizcd- 
stcel  armor  wire  appears  to  be  the  main  contributor  of  hydrogen. 


0  500  tOOO  1500 

time  (h) 


Figure  5.  Inside  p(Hi)  vs  time  for  an  optical  cable  with  an  overlapped 
barrier  exposed  to  1  atm  Wj. 

Mathematical  Model  of  Hydrogen  DilTusion  into  a  Sealed  Metal  Tube 

The  inner  metallic  barrier  of  a  submarine  optical  cable  may  be 
modeled  as  a  hollow  tube  exposed  to  hydrogen  on  the  outside,  and  the 
time  required  for  a  particular  piHz)  to  be  attained  inside  the  tube  is 
given  by  the  following  equation: 
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TABLE  V 


Hydrogen  Analysis  results  in  Bottom  Sediment  Samples 


Location 

Type  of 

Water 

Sediment  Sample  in  Nutrient 

Sediment  Sample  with  Galv.  Steel 

Sediment  Sample  Alone 

Avg.  Weight  of 
Sample  (g) 

Percent  in 

Sample  Holder 

Avg.  Wei^t  of 
Sample  (g) 

Percent  Hi  in 
Sample  Holder 

Avg.  Weight  of 
Sample  (g) 

Percent  H2  in 
Sample  Holder 

K 

Fresh 

0.97 

32.7  -  100.0 

2.80 

20.6  -  100.0 

2.99 

trace  -  0.6 

F 

Fresh 

0.92 

26.3  -  75.0 

3.50 

18.7  -  86.7 

3.68 

trace 

Y  and  Z 

Fresh 

0.54 

11.3  -  50.9 

2.42 

0.6  -  1.48 

3.42 

trace 

E 

Salt 

0.95 

8.4  -  79.9 

2.66 

7.5  -  71.5 

3.33 

trace  -  .04 

W 

Salt 

0.61 

24.4  -  64.8 

2.91 

18.0  -  85.7 

3.38 

trace 

B 

Salt 

0.54 

28.8  -  80.1 

2.70 

12.0  -  90.1 

2.99 

trace  -  0.1 

Figure  6.  Inside p{,Hi)  vs  time  for  cables  with  scaled  metal  barriers 
exposed  to  1  atm  Hi- 


Figure  7.  Inside  p{Hi)  vs  time  for  an  optical  cable  with  an  overlapped 
barrier  and  stainless  steel  armor  wires  with  damaged  plastic  coating 
exposed  to  3.5%  NaCl  solution. 


where  p(Hi)„u  is  the  partial  pressure  of  hydrogen  outside  the  tube, 
P(Ht)iit  is  the  partial  pressure  of  hydrogen  inside  the  tube,  d  is  the 
wall  thickness  of  the  tube,  V  is  the  volume  inside  the  tube,  A  is  the 
area  of  the  outer  surface  of  the  tube,  Pn  is  the  permeation  coefficient 
of  hydrogen  through  the  tube  material.  The  details  of  the  derivation  of 
this  equation  is  given  in  the  Appendix.  Permeation  coefficients, 
calculated  from  data  given  in  Smithellsb'*!,  and  the  results  of 
calculations  of  the  time  required  for  hydrogen  diffusion  into  iron, 
copper  and  aluminum  tubes  1  cm  in  diameter  with  0.5  mm  wall 
thickness  arc  given  in  the  following  table. 


Hydrogen  Diffusion  in  Metal  Tubes*  I 

Metal 

Permeation 

Outer 

Inner 

Time 

coefficient 

P(H2) 

P(Hi) 

required 

*• 

atm 

atm 

years 

Iron 

5.6  X  10"’ 

1 

0.1 

0.1 

1 

0.9 

2.8 

8 

1 

0.32 

8 

7 

7.1 

Copper 

3.7x10"'* 

8 

0.01 

380 

Aluminum 

3.5  X  10"'* 

8 

0.01 

4,100,000 

*  For  a  metal  tube  with  a  1  cm  diameter  and  a  0.5  mm  wail  thickness. 
•*  atm  cm’/(mm  cm^s)/atm*  at  298°C 

Note  that  it  was  assumed  that  the  metal  tubes  were  empty  for  these 
calculations.  The  metal  tubes  inside  real  optical  cables  contain  several 
components,  including  fiber,  with  different  hydrogen  solubilities. 

The  hydrogen  permeation  coefficient  of  iron  is  considerably  higher 
than  that  for  copper  or  aluminum,  and  the  model  predicts  a  significant 
piHi)  inside  the  tube  within  a  year.  The  hydrogen  permeation 
coefficient  of  steel  is  close  to  that  of  iron,  hence  it  seems  likely  that  a 
hermetically  sealed  steel  tube  would  not  prevent  hydrogen-caused 
darkening  of  optical  fibers  for  a  reasonably  long  time.  The  time 
required  for  hydrogen  to  penetrate  the  tube  increases  with  wall 
thickness.  Copper  has  a  smaller  hydrogen  permeation  coefficient  and 
a  few  hundred  years  are  required  to  attain  significant  levels  of 
hydrogen,  even  when  exposed  to  an  external  piHi)  of  8  atm.  Such  a 
high  piHi)  may  be  found  when  the  cable  is  installed  220  ft  or  more 
underwater,  because  the  upper  limit  forp(//2)  “>  atmospheres  is  given 
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by  the  depth  of  the  cable  divided  by  32  ft  plus  1  atm.  Some  cables  are 
installed  at  water  cross'mgs  at  depths  of  over  200  ft'"'.  Hydrogen  has 
an  extremely  low  solubility  in  solid  lead,  if  it  is  soluble  at  all,  so  an 
inner  lead  .sheath  is  a  belter  barrier  to  hydrogen  permeation  than  a 
copper  tube. 

Long-Term  Reliability  Considerations  for  Optical  Fiber  Cables 

The  pressure  of  hydrogen  inside  an  optical  cable  follows  approximately 
the  empirical  equation: 

/’(fft);-!  =P(ff2)ou,(' -  txp(- t/T))  (I) 

where  p(Hi)in  is  the  pressure  of  hydrogen  inside  the  cable,  is 

the  pressure  of  hydrogen  outside  the  cable,  (  is  time  and  t  is  an 
empirical  time  constant.  This  relation  also  approximately  describes 
cables  with  scaled  metal  lubes,  however,  x  will  increase  with  p(H2)'*- 

To  ensure  the  long-term  reliability  of  optical  cables  and  the  prevention 
of  excessive  hydrogen-caused  darkening  of  the  fibers,  the  pressure 
inside  the  cable  should  remain  below  an  upper  limit,  p{H2}i„,mat' 
the  designed  life  of  the  cable,  The  highest  possible  p(H2)om  a 
cable  can  be  exposed  (in  atmospheres)  is  given  by  (1-t- 1/.32  ft),  where 
1  is  the  depth  in  feet  of  the  cable  underwater.  From  these  values,  a 
minimum  value  for  x  can  be  calculated. 


A  ma.ximum  permeation,  P/i  max-  coefficient  for  hydrogen  in  a  cable 
inner  barrier  material  may  be  calculated  from  the  following  equation: 


-2  d  V  Ip'//,),., 


g(  )<«-  ata 

P( //;),.. I 


P(W2)... 


where  il  is  the  wall  thickness  of  the  inner  lube  of  the  cable,  I  '  is  the 
volume  inside  the  tube,  and  A  is  the  area  of  the  outer  surface  of  the 
tube. 


(3) 


The  following  table  gives  minimum  value  of  x,  expected  p(//,)  inside  a 
cable  with  a  scaled  metal  tube  after  40  days  of  exposure  to  1  atm  of 
//,,  a  proposed  test  procedure,  for  different  cable  life  times  and 
installation  depths  for  p(H 2)mia  -  flm-  •'  a'***’  g'^cs  the  maximum 
permeation  coefficient  for  a  metal  tube  1  cm  in  diameter  and  a  wall 


thickness  of  5  mils. 

depth 

years  feet 

P(H2u. 

atm 

“^fnin 

years 

/>(//,  )„ 

atm* 

mas 

*  * 

1 

25 

.^2 

2 

4«0 

0.0003 

3x10'" 

! 

224 

8 

2000 

0.(X)015 

l.,s.xl0'" 

10 

.32 

2 

l‘H) 

0.00008 

8x10'" 

224 

s 

800 

0,0004 

4x10'" 

*  exposed  for  40  days  to  1  atm  //,  at  2.S°C 

*’  for  a  metal  tube  1  cm  in  diameter  with  a  wall  thickness  of  5  mils,  in 
atm  cm'/(mm  cm^s  atm")  at  2.‘>‘'C’ 


Although  il  is  possible  to  measure  pf/Zj)  as  low  as  those  given  in  the 
above  table  with  gas  chromatography,  the  hydrogen  indicator, 
cannot  be  rnc.isurcd  for  pf//,)  less  than  0.015  atm  for  a  kilometer  of 
fiber,  because  it  is  unreliable  to  measure  attenuations  less  than  0,1  dB. 

Iron  and  steel  have  permeation  coefficients  of  about  6  x  10  "  atm 
em'/fmm  cm‘s  atm")  at  Since  this  is  about  ItXlO  limes 

greater  than  the  P/i.mm  values  given  in  the  table  above,  steel  would  not 
be  an  .icccpiable  material  for  a  hydrogen-resistant  inner  barrier  1  cm 


in  diameter  with  a  5  mil  wall  thickness.  For  copper,  the  Fn  is  4  x  10"" 
atm  cm’ /{mm  cm^s  atm")  at  25°C'"I,  and  it  would  be  a  suitable 
material  for  a  hydrogen-resistant  barrier. 

Possible  Future  Generic  Requirements  for  Underwater  Optical  Fiber 
Cables 

It  is  possible  for  hydrogen  to  be  produced  by  sources  other  than  the 
corrosion  of  cable  components,  such  as  bacterial  action,  and  it  is 
possible  for  the  plastic  coverings  on  cable  armor  wire  to  be  damaged 
during  or  after  cable  installation,  allowing  corrosion  of  the  armor. 
Therefore,  a  generic  requirement  intended  to  ensure  that  a  cable  is 
resistant  to  hydrogen  ingress  via  diffusion  is  preferable  to  one  intended 
to  ensure  that  the  outer  components  of  the  cable  do  not  produce 
hydrogen  when  exposed  to  a  corrosive  environment.  A  lest  procedure 
for  this  requirement  may  be  ba.sed  on  the  diffusion  of  hydrogen  into  a 
cable.  The  pi//,)  inside  the  inner  barrier  would  be  measured  after  a 
.specified  lime  of  exposure  to  I  atm  of  hydrogen  for  a  one-meter  piece 
of  optical  cable  sealed  in  a  PVC  pipe  or  other  appropriate  enclosure. 
Since  the  pf//,)  inside  the  optical  cable  with  the  overlapped  tube 
started  to  level  off  after  about  1000  hours,  or  40  days,  and  optical 
cables  at  water  crossings  often  show  attenuation  about  a  month  after 
installation''',  40  days  would  be  a  reasonable  exposure  time  for  this 
test  procedure.  In  order  for  a  type  of  cable  to  meet  the  generic 
requirement  for  resistance  to  hydrogen-caused  fiber  darkening,  the 
pf//,)  inside  the  cable  would  be  less  than  a  specific  upper  limit.  This 
upper  limit  for  pf//,)  inside  the  cable  has  not  yet  been  determined, 
but  would  be  based  on  information  concerning  the  maximum  lengths 
of  cable  installed  underwater,  the  maximum  depth  of  water  where 
cables  arc  installed,  the  ranges  of  transmission  frequencies  used,  and 
the  maximum  amount  of  signal  attenuation  allowed  for  hydrogen- 
cau.scd  darkening.  For  a  cable  installed  up  to  224  feel  underwater, 
with  an  expected  life  of  25  years,  and  a  piHzhn.ma  >’f  O  '  aim,  'hen  the 
p(//;)  inside  the  cable  after  40  days  of  exposure  to  1  atm  //,  should  be 
less  than  0,00015  atm. 

Conclusions 

•  Submarine  optical  fiber  cable  armor  (galvanized  steel)  corrosio.i 
and/or  stray  dc  current  pick  up  by  the  armor  can  generate 
hydrogen  that  can  cause  signal  attenuation. 

•  Plastic-coaling  on  armor  wire  prevents  the  generation  of  //,.  by 
corrosion  and  stray  current  pick  up,  if  the  coating  isn't  violated  and 
remains  intact.  If  the  plastic  coating  is  severely  damaged,  enough 
//;  may  be  generated  by  corrosion  or  stray  current  pick-up  to  cause 
signal  attenuation  in  the  optical  fibers,  even  if  slainlcs.s-stccl  armor 
wire  is  used. 

•  Hydrogen-producing  bacteria  may  gcner.uv  substantial  amounts  of 
hydrogen  at  water  crossings  that  can  r.ir  ,e  signal  attenuation.  This 
phenomenon  is  independent  of  the  air  or  wires. 

•  Overlapped  metal  barriers  do  ^  i  prevent  //,  from  diffu.sing  into 
the  cable  and  causing  signal  a<  enualion  in  the  optical  fibers. 

•  Hermetically  scaled  lead  i  .  copper  lubes  do  prevent  //,  from 
diffusing  into  the  cable.  Iron  and  steel  are  not  giHul  materials  for 
hydrogen-resistant  barriers  for  cables  Ixcause  they  are  lim 
permeable  to  hydrogen. 

•  A  generic  rce  .tjmeni  for  resistance  of  submarine  optical  fiber 
cables  to  !■  ogen-caused  signal  attenuation  can  Ik-  based  on 
exposure  nc  cable  samples  to  hydrogen 
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where  is  Dh  is  the  diffusion  coefficient  for  hydrogen  in  the  material, 

dcn 

is  the  concentration  of  hydrogen  in  the  material  and  is  the 

couccntration.madient  in  the  x  direction,  that  is  through  the  thickness 
of  the  sheet.^^  If  the  hydrogen  is  diffusing  through  a  thin  sheet  of 
material  with  different  pressures  of  hydrogen  on  either  side,  then  one 
may  assume  that  a  steady  state  condition  is  attained,  where  the  flux  is 
constant  within  the  sheet,  and  the  following  approximation  may  be 
used; 


/=D„ 


(CHo^-Ch^) 


(A.3) 


where  and  Ch^  are  the  concentrations  of  hydrogen  in  the  material 
at  the  outer  and  inner  boundaries  of  the  material,  respectively,  and  d  is 
the  thickness  of  the  material  through  which  the  hydrogen  is  diffusing. 
Note  that  an  initiation  time  is  needed  for  a  near  steady  state  condition 

JL.  [9] 


to  be  attained  of  about 


6  0// 


This  time  is  generally  short  with 


respect  to  the  time  needed  for  a  significant  pressure  of  hydrogen  to  be 
attained  inside  the  cable  sheath,  since  it  does  not  depend  on  the 
solubility  of  hydrogen  in  the  tube  material  as  does  the  hydrogen 
pressure  inside  the  tube,  as  will  be  discussed  below. 

Hydrogen  is  dissolved  in  metals,  such  as  iron  or  copper,  as  atomic 
hydrogen.  The  solubility  of  hydrogen  depends  on  the  square  root  of 
the  pressure  of  hydrogen  in  the  gas  phase,  as  given  by  the  equation 
below. 


c„=K.'‘ (p(//j))'' 


(A.4) 


where  K*  is  the  solubility  constant  of  hydrogen  in  the  metal. 
Substituting  equation  A.4  into  equation  A.3  gives: 


y= 


DhK,'* 


((p(«z),«)'‘-  (p(«2)i,)'‘) 


(A.5) 


The  permeation  coeflicient,  F//,  of  hydrogen  for  metallic  materials  can 
be  defined  as  follows: 


P„  =  D„K* 

Substituting  equation  A.5  into  equation  A.l.  gives; 

dp(H2)i„  (P(^2)».^]  f  I  />(»;)■>,  '[*1 

dt  dV  {  [p{H2)au,  ]  J 


(A.6) 


(A.7) 


Appendix  A 

The  pressure  of  hydrogen  inside  a  sealed  metal  tube  inside  a  cable 
sheath  dep.,nds  on  the  amount  of  hydrogen  that  diffuses  through  the 
sheath  from  outside.  The  cylindrical  tube  can  be  approximated  by  a 
thin  planar  sheet  of  material  containing  a  volume,  because  the  wall 
thickness  of  the  tube  is  small  with  respect  to  its  radius.  The  rate  of 
change  of  hydrogen  pressure  inside  a  sealed  thin  sheet  of  material  of 
area  A  containing  a  volume  V  is  given  by  the  following  equation: 


dp(Hi)m  ^  ^ 
dt  V 


(A.l) 


Solving  this  differential  equation  gives: 
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ABSTRACT 

A  new  method  of  estimating  the  maximum  fiber 
attenuation  in  an  optical  fiber  cable  due  to  hydrogm 
effects  is  proposed.  The  method  is  based  on  the  direct 
measurement  of  hydrogen  partial  pressure  evolution  in 
significant  lengths  of  optical  cable  under  severe  but 
realistic  environmental  conditions. 

The  method  has  been  applied  to  a  range  of  cable 
designs  used  in  France  Telecom's  terrestrial  network 
and  the  results  obtained  have  been  compared  with 
those  obtained  in  the  field. 

Consideration  has  also  been  given  to  the  use  of  more 
hermetic  cable  structures  and  these  are  compared  with 
existing  cables  types  in  terms  of  their  vulnerability  to 
hydrogen  effects. 


INTRODUCTION 

According  to  France  Telecom's  field  experience 
existing  methods  for  estimating  the  long  term  effects  of 
hydrogen  on  fiber  attenuation  tend  to  over  estimate  the 
asymptotic  partial  pressure  reached. 

Thus,  a  method  was  needed  to  approach,  as  close  as 
possible,  the  hydrogen  partial  pressure  evolution:  both 
on  significant  lengths  of  cable,  and  in  climatic 
conditions  no  more  constraining  than  maximum 
operating  conditions. 

The  method  proceeds  on  three  steps: 

-  evaluation  of  leakage  coefficient,  of  the  outer  sheath 
alone, 

-  direct  measurement  of  hydrogen  partial  pressure 
inside  a  con^lete  cable,  versus  time, 

-  using  a  mathematical  modeling  determination  of  the 
maximum  reachable  pressure  and  associated  time. 

The  maximum  allowable  partial  pressure  is  deduced 
from  maximum  acceptable  losses  in  accordance  with 
known  experimental  laws. 


REWIEW  OF  HYDROGEN  EFFECTS  ON 
FIBERS^*) 

Hydrogen  has  mainly  two  types  of  effects  on  optical 
fibers: 

-  the  direct,  reversible  physical  effect  of  H2; 

-  the  irreversible  chemical  reduction  by  H2  of  the 
doping  oxides. 

The  lower  the  initial  attenuation  of  the  fibers,  the  more 
critical  is  the  attenuation  increase.  Hence  the  effect  of 
H2  will  be  considered  only  in  the  low  attenuation 
single-mode  fibers  used  in  long  distance  transmission 
at  wavel^igths  of  1.3  or  1.55  microns. 

The  curves  below  present  the  maximum  cumulative 
attenuation  increased  (H2  +  OH)  after  25  years  of 
exposure  under  stable  pressure  and  temperature 
conditions. 


Total  adcted  losses H2  +  OH"  at  1.3fim 

dB/km 
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Total  adclod  losses  H2  +  OH'  at1.55|im 

dB/km 


PRESENTATION  OF  MEASUREMENT  METHOD 


Measurement  Apparatus 

The  figures  below  show  the  apparatus  used  and  a 
detailed  view  of  glued  adapters. 


6  Cable  adapter 

7  Vacuum  gauge 

8  Vacuum  pump 

Measurement  apparatus 


Stainiess  steel 


Cable  adapter 


Remarks 

-  The  adapters  must  be  glued  very  carefully  with  two- 
component  polyurethane  glue,  on  a  primer  coat  on 
the  polyethylene  sheath  (EVA  dissolved  in  hot 
xylene). 

-  An  eight-positions  i^paratus  has  hem  constructed,  so 
that  eight  cables  could  be  tested  simultaneously. 

Control  of  apparatus  gas-tightness 

To  check  the  gas-tightness  of  the  setup,  an  unwelded 
stainless  steel  tube  was  coated  with  a  polyethylene 
sheath  to  simulate  a  perfectly  gas-tight  cable  sheath. 
The  setup  described  was  used  to  measure  the  leakage 
on  20  cm  samples,  placed  in  a  climatic  chamber  held  at 
20°C  and  filled  with  one  bar  of  air  plus  one  bar  of 
hydrogen. 

The  maximum  decrease  in  pressure  observed  with 
transducer  (1)  over  a  IS-day  interval  was  2  mbar.  This 
leakage  is  due  to  the  hydrogen  permeation  through  the 
glue  of  the  cable  adapters  (6),  and  to  the  leakage  of 
valve  (2)  and  at  the  apparatus  couplings. 

The  figure  below  gives  the  curve  of  the  relative  error 
induced  on  the  Hi  pressure  measurement  by  the 
apparatus  leakage,  calculated  from  the  leakage  test, 
for: 

-  leakage  test  PH2  =  1  bar,  Vo  =  20  cm3 

-  cable  measurements  PH2  =  10  mbar,  Vo  =  500 

cm3  (for  100  m  of  cable) 

AP% 


Piessue  loss  in  mbat  duing  leakage  test  (1 5  d^) 

AP%  -  H2  Relative  pressure  error  due  to  leakage 
during  measurement  time  of  90  d^ 

The  value  found,  >^ch  is  less  than  0.2  %,  is  very 
much  smaller  than  the  accuracy  of  the  chromatographic 
process  used,  and  can  therefore  be  neglected. 
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Permeation  Measurements 
Sheath  Permeation 

The  c^tral  cores  of  the  cables  are  first  withdrawn, 
leaving  hollow  tubes  of  sheath  six  to  ten  meters  long. 
Adapters  (6)  are  mounted  on  these  tubes,  which  are 
then  placed  in  a  climatic  chamber,  where  they  are  held 
at  constant  temperature. 

As  in  the  previous  case,  the  pressure  decrease  is 
checked.  This  decrease  corresponds  to  the  hydrogen 
permeation  through  the  sheath  tube  wall.  The  results 
are  given  in  section:  Measurements. 

Drain  Permeation 

For  jelly-filled  cables,  the  measurement  method 
proposed  is  based  on  the  possibility  of  collecting 
representative  samples  of  the  internal  cable 
atmosphere,  at  the  cable  end.  To  do  this,  tubes,  small 
enough  to  not  disturb  the  internal  gas  equilibrium,  are 
inserted  in  the  core  during  the  cable  construction. 
These  tubes  are  used  as  drains  (see  the  sectional 
drawings  of  the  cables). 

To  validate  this  procedure  and  choose  the  best  type  of 
drain,  the  permeation  rates  of  various  tubes  were 
measured,  using  the  same  technique  as  for  measuring 
the  sheath  permeation. 

The  curves  presented  below  represent,  for  the  tube 
retained  (2.9  mm  o.d.,  0.25  mm  wall  thickness, 
polypropylene): 

-  the  measured  decrease  in  H2  pressure  as  a  function  of 
time  at  20®C; 

-  the  H2  pressure  decrease  at  60‘’C,  calculated  from  the 
results  at  20®C. 


PH  2  Bar 


The  curves  obtained  show  that  the  permeation  time  of 
the  hydrogen  through  the  drain  wall  is  short  enough  to 
be  neglected. 

Measurements  on  Cables 
Sampling  of  Gases 

Two  drains  are  inserted  in  each  cable,  so  that  the  total 
volume  sampled  (6  samples  of  2  cm3  )  would  be  less 
than  one  perc^t  of  the  total  internal  gaseous  cable 
volume. 

After  the  climatic  chamber  is  stabilized  at  20°C,  the 
gas  is  sampled  as  follows  for  analysis: 

-  the  part  of  the  ^paratus  between  valve  (2)  and 
sceptum  (4)  is  evacuated  using  vacuum  pump  (8), 
valve  (5)  is  then  turned  off. 

-  valve  (2)  is  turned  on  and,  when  the  pressure  inside 
the  cable,  read  at  (1),  stabilizes  after  10  or  20 
seconds,  valve  (2)  is  turned  off  again. 

-  the  two  samples  are  th»  taken  successively  through 
scq>tum  (4)  using  a  syringe  equiped  with  a  valve. 

Analysis  by  Gas  Phase  Chromatography 
The  gas  samples  concentrations  are  controlled  by  gas 
phase  chromatography.  The  vector  gas  used  is  argon, 
so  that  the  measurement  can  be  refered  to  the  oxygra 
and  nitrogen  in  the  air  sample. 

The  apparatus  was  calibrated  with  a  standard  (air  + 
H2)  gas  mixture  to  determine  the  precision  of  the 
measurements. 

-  The  measurem^it  precision  is  ±  S  %  for  an  H2 
partial  pressure  of  0.2  mbar,  i.e  ±  0.01  mbar. 

-  For  lower  values,  the  anq>lifying  calculations  in  the 
apparatus  are  used.  These  values  at  the  limit  of  the 
background  noise  should  be  considered  only  as  a 
search  for  traces,  the  smallest  detectable  being  of  the 
order  of  0.01  mbar. 

Mathematical  Modeling 
Basic  Formulas®^) 

Generation  of  H2  for  Aluminum 
The  experimental  law  is  as  follow: 

V2  =  h.Vi.yJ^.e  (moles/cm^^lO’”^) 

h  =  relative  humidity  (60  %  =  0.6;  100  %  =  1); 

VI  =  quantity  of  hydrogra  gmerated  in  the  time 
interval  tl  at  temperature  T1  (“K); 
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V2  =  quantity  of  hydrogen  generated  in  the  time 
interval  t2  at  temperature  T2  ("K); 

E  . 

—  =  5200  °K*‘  (for  aluminum)  at  constant 

tenq)erature  and  100  %  relative  humidity; 

V  =  b.y/i 

"b"  =  generation  coefficient  of  H2  in  cm^/day'^^.m  of 
cable 

Generation  of  Hi  for  Metals  Other  than  Aluminum 

The  experimental  law  is  as  follow: 

b  E.  1  1 .  2-7 

V-  =  h.V,.^.e;^~-  IT)  (moles/cm  *10  ) 

2  1  tj  RTl  T2  '  ' 

E 

—  =  5400  °K‘*  (for  steel)  at  constant  temperature  and 

100  %  relative  humidity; 

V  =  b.t. 

"b"  =  generation  coefficient  of  H2  in  cm^/day.m  of 
cable 


Permeation  Plus  Geruration  For  metals  other  than 
aluminum  (initial  PH2  =  0) 

P  =  |(i-e-A») 

B 

P  max  =  — 

A 


Generation  Alone  (no  permeation  of  sheath)  For 
aluminum: 

Vi  =  E  of  the  volumes  of  water  initially  contained  in 
the  air  and  all  the  internal  cable  materials,  for  an  initial 
relative  humidity  of  100  %  (i.e  h  =  1). 


Generation  Alone  (no  permeation  of  sheath)  For 
metals  other  than  aluminum: 

Po 

P  =  -.Vi(i-e-v.t) 


Variation  of  H2  Partial  Pressure  in  the  Cables 
(the  hydrogen  pressure  outside  the  cable  is  zero) 

“P  -  I  •  <IVp  dVgl 

Vo  =  total  internal  gaseous  cable  volume,  in  cm3/m  of 
sheath 

P  =  Pa  +  PH2  and  Po  =  Pa  +  PH2  inital; 

Vp  =  permeated  volume 
Vg  =  generated  volume. 


Permeation  Alone 
PH2  =  Pa  +  (Po  -  Pa)  e*''  ^ 

Po 


A  =  a 


Vo 


"a"  =  leakage  coefficient  cm3A)ar.day.m  of  cable 
»ri  =  ®T2-®|(H'Tr) 

^  =  3000  ®K‘*  (for  polyethylen) 

"a"  =  leakage  coefficient,  in  cm^A)ar.day.m  of  cable 

Permeation  Plus  Generation  For  aluminum 
(initial  PH2  =  0) 

An  approximate  solution  to  the  first  order  is  done  by  a 
series  decomposition 

P  *  B.e-A  ‘.(l  +  ®  b  Vo 

0.69  „  B  0.6.B 

t  to  reach  Pmax  »  —r —  Pmax.  = - r  “  — F=“ 

A  2.A\Jt  VA 


Practical  Implonentation  of  the  Measurement 
Method 

The  proposed  apparatus  was  used  according  to  the 
following  experimental  procedure  to  determine  the 
maximum  pressure  of  H2  reachable  in  a  given  type  of 
cable: 

-  A  test  cable  is  manufactured,  and  fitted  with  drains  if 
it  is  a  jelly-filled  cable. 

-  Sampling  of  sheath. 

-  The  sheath  leakage  is  measured,  and  the  sheath 
permeation  coefficient  ’a”  is  determined  from  the 
theoretical  modeling. 

-  The  variation  in  the  partial  pressure  of  hydrogen  is 
measured. 

-  If  the  stabilisation  in  hydrogen  partial  pressure  is  not 
fully  reached,  the  generation  coefficient  of  H2,  ’b', 
is  determined,  and  Pmax  and  tmax  are  calculated 
from  ”a",  ”b’  and  from  the  theoretical  modeling. 

Note;  In  practice,  the  coefficient  and  ’b’  is  determined 
to  provide  the  best  adjtusment  between  measured 
values  and  corresponding  theorical  curves. 

This  method,  using  practical  measurements,  integrates 
all  the  effects  related  to  hydrogen  generation,  such  as 
the  electrolytic  phenomena,  the  protection  of  the 
metals  by  the  filling  jellies,  etc.  Such  approach  is 
applicable  to  all  cases  proposed,  as  long  as  the  pressure 
readings  reach  a  high  enough  level  to  guarantee 
measurement  accuracy,  which  in  our  case  is  PH2  > 
0.1  mbar. 
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MEASUREMENTS 

The  method  described  has  been  applied  to  several  test 
batches,  and  this  paper  reports  the  results  obtained 
with  one  such  representative  batch. 

Cables  Tested  (see  sectional  drawings,  below) 

Three  categories  of  cables  of  five  types  were  tested. 

-  metal  free  cables: 

type  1 

-  cables  with  aluminum  sheath: 

type  2:  jelly  filling  and  polylaminated  sheath 
type  2':  jelly  filling  including  hydrogen  getter 
and  polylaminated  sheath 


type  3;  welded  aluminum  sheath 
cables  with  steel  sheath: 


type  4;  uncoated  corrugated  steel 
type  S:  coated  corrugated  steel  bonded  to  the 
sheath 


Unbonded  corrugated  steel . 
e  «  0.25  mm 

LDPE  sheath 

e«1.3mm  f 


Central  member 
copper  platted  steel 

A  HOPE  sheath 
e-2mm 


Wrappings 


PBT  tube  1. 9/2.9  twiT 
Thyxotropic  jelly  filled 


0  « 16  mm 

4 


Pofypropylen  tube 


PBT  tube  1.9/29  mrr. 
Thyxotropic  jelly  filled 

HDPEsheatl  —  j0 
e»2mm 


j  FRP  central  rtrember 
-  .  Po^opylen  tube 


PBT  tube  1. 9/2.9  mm ^ 
Thyxotropic  jelly  filled 


HOPE  sheath  ■ 
e«2mm 

LDPE  sheath- 
e  » 1  mm 


Central  member  ^  X. 
7x1  mm  galvanized  sreel 


Alu  polylam. 

'e«  0.04/0.15/0.04 

Polypropylen  tube 


Wrappings 
'Jelly  or 

lelly  +  hydrogen  getter 


0  « 15.7  mm 

Type  2  &  2* 


LDPE  sheath 
e«1.3mm 

Bonded  corrugated  steel 
e- 0.15  mm 


0-17  mm 
Type  5 


Wrappings 


Test  Conditions 

To  simulate  the  more  severe  conditions  in  the  field; 

-  the  cable  samples  represented  in  figures  1  to  3  were 
placed  in  a  climatic  chamber  describing  the  following 
cycles:  66  hours  at  60°C  and  99  %  relative  humidity, 
then  6  hours  at  30  ®C  (the  temperature  is  lowered  to 
-  30°C  in  order  to  ease  the  circulation  of  gases 
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mechanically,  and  the  six-hour  duration  is  the  needed 
time  for  cables  to  reach  this  temperature). 

-  the  cable  samples  types  4  and  5  were  placed  directly 
in  a  tank  of  water,  held  at  60°C. 

Measurements  on  Cable  Sheath 


The  method  of  measurement  described  above  was  used 
to  measure  the  decrease  in  pressure  as  a  function  of 
time,  after  hydrogen  pressurization  of  the  sheath  imder 
test. 

For  each  type  of  sheath  construction  two  samples  were 
measured.  The  figures  below  plot  the  measurement 
data  and  the  matched  theoretical  curve,  the 
corresponding  leakage  coefficient  is  then  calculated. 


PH  2  Bar  Vo-75.4cm^/m 


Type  1  sheath  permeation 
PH 2  Bar  35  25cm% 


Leakage  coefficient  ■  0.(X)34  cm^/ba.m,day 


«  Data 

Calculated  curve  from  datas 


1.019 


0  2  4  6  8  10  12  14  16  18  20  22 


Days 

Type  2  and  2'  sheath  permeation 


PH2Bar  Vo-113cm^/m 


Type  4  sheath  permeation 


•^2  Bar  Vo  •  72.38  cm^/m 


Days 

Type  5  sheath  permeation 


Preliminary  Analysis  of  Sheath  Permeation  Results 

-  The  leakage  through  the  welded  aluminum  sheath 
may  be  considered  null,  so  that  the  corresponding 
curve  is  not  given. 

-  For  those  sheaths  where  the  wall  subjected  to  the 
permeation  is  clearly  defined  geometrically,  as  in  the 
case  of  types  1  and  4,  it  is  possible  to  calculate  the 

permeation  coefficient.  The  value  obtained  of  2.10'® 
cm3/cm.bar.s  at  20°C  is  within  the  range  of  values 
given  in  the  literature  P)  . 

-  Among  the  differents  measurements  carried  out  on 
types  2  and  S,  results  here  reported  are  the  lowest; 
maximum  values  are  ten  times  greater.  Such  a  large 
range  underlines  the  dependance  on  the  bonding 
quality  of  overlap  and  also  the  effect  of  tape  coating 
thickness. 

-  The  discrepancy  observed  between  the  two  types  2 
and  S  can  be  explained  by  difficulty  to  get  a  good 
bonding  of  the  overlap  on  corrugated  tapes. 
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Cable  in  dimatic  chamber 


Measuremaite  on  the  Cables 

Measurements  were  then  made  on  sample  cables  about 
200  m  long,  tising  the  method  described  above.  The 
table  of  measurements  below  gives  the  H2  partial 
pressure  readings  in  millibar  (two  dosages  per 
sampling). 

As  during  gas  san4>ling  the  climatic  chamber 
temperature  is  stabilised  at  20*’C,  the  cables  internal 
total  pressure  have  been  checked  to  verify  that  the  air 
permeation  at  bO^C  is  small  enough  to  not  disturb 
gases  proportions  in  the  sample. 


Nb  de . Cycle' 


cycles 

0 

3 

5 

8 

14 

21 

23 

Type  1 

■ 

■ 

■ 

0,00 

0,00 

■ 

■ 

■ 

Boa 

0,00 

Hoa 

0,00 

Type  2 

■ 

■ 

■ 

0,43 

2,66 

EEI] 

1 

■ 

■ 

■ 

0,43 

2,68 

3,74 

3,99 

Type  2' 

■ 

■ 

■ 

0,00 

0,01 

0,00 

1 

■ 

■ 

0,00 

Boa 

0,00 

0,00 

Type  3 

GIB 

1,74 

3,97 

5,45 

6,30 

1 

GIB 

1,69 

Su 

3,99 

5,42 

6,29 

HBj 

Type  4 

■ 

■ 

■ 

0,00 

0,05 

0,06 

0,07 

2 

■ 

■ 

■ 

0,06 

0,06 

0,07 

Type  5 

■ 

■ 

||H 

0,05 

0,07 

2 

■ 

■ 

0,06 

0,05 

Cycle  1:  Cables  in  climatic  chamber:  1  cycle  ia  72  hours  (66  hours 
at  60°C  and  99  %  relative  humidity,  then  6  hours  at  -  SO'C). 

Cycle  2:  Cables  immersed  in  water  at  60°,  one  cycle  =  72  hours. 

The  curves  corresponding  to  types  2,  3,  4  and  5  are 
given  below. 


PH2  mbar 


Partio  pressure  evo  ution  of  type  3  cao  e 
2  Cables  in  water  at  60*C 


H2  partial  pressure  evolution  of  cables 
Vpe  4  type  5 


Preliminary  Analysis  of  Results 
-The  measurements  on  type  1  cables  reveals  no  trace  of 
hydrogra.  Comparison  with  the  values  found  on  type  4 
(similar  leakage  rate),  demonstrates  that: 

.  at  the  level  of  the  detection  used,  the  presence  of 
traces  of  H2  seems  only  related  to  metal  presence; 

.  as  a  consequence,  the  hydrogen  graeration  at 
these  temperatures  (maximum  60°C)  from 
unmetallic  materials,  is  at  least  of  the  second 
order  compared  with  water  decomposition  by  a 
metal. 

-  The  measurements  on  type  2'  cable  show  the 
effectiveness  of  the  hydrogen  getter. 

MEASUREMENT  RESULTS  PROCESSING 
Example  of  Determination  of  Practical  Coefficients 

The  proposed  method  is  applied  as  an  exanq)le  to  type 
2  cable. 
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Even  in  a  filled  cable,  the  inner  volume  is  never  empty 
of  gas,  and  the  actual  value  of  internal  gaseous 
volume,  Vo,  is  not  precisely  known  (to  improve 
accuracy  of  measurements,  if  needed,  it  would  be 
directly  measured). 

So  to  proceed  the  calculations  we  have  considered,  in 
the  possible  range,  two  values  B  expressed  in  ratio  of 
total  internal  gaseous  volume  of  the  cable.  For  tested 
cables  Vo  includes  also  the  two  drains  internal  volume. 
The  use  of  an  estimate  range  for  B  is  generally 
convenient.  But  for  some  cases  where  more  accuracy  is 


B 

Vo 

T 

"a" 

■b" 

Pmax 

t  Pmax 

cm^ 

°C 

10-3 

10-3 

mbar 

years 

0.3 

32.6 

20 

3 

2.5 

4.1 

30 

60 

13.2 

17.2 

13.4 

4.6 

0.5 

48.3 

20 

3 

3 

5 

45 

60 

13.2 

25.6 

16.4 

7 

"a"  =  leakage  coefficient  of  sheath  previously 
measured 

"b"  values  at  20° C  are  calculated  from  those  at  60°C 


requested,  the  present  measurement  method  allows  also 
to  determine  actual  value  of  Vo  on  a  giv^  cable. 

To  this  purpose,  a  known  amount  of  H2  is  injected  at  a 
known  pressure,  in  the  cable,  then  the  pressure 
evolution  is  observed  and  Vo  is  gi''^  by  calculation. 
Accuracy  may  also  be  in^roved  by  extrading 
measurements  up  to  90  days. 

Measurements  points  at  60  "C  and  corresponding 
curves  adjustements  are  given  below. 

PH2  mbat 


H2  partial  pressure  evolution  adapted  curve 


Conclusions  on  Structures  Tested 
Preliminary  Ronarks 

The  more  stringent  situation  concerns  single  mode 
fibers  at  1.55  /xm. 

Assuming  a  maximum  attenuation  increase  of  0.01 
dB/km,  according  to  experimental  data,  the  maximum 
partial  pressure  of  Hi  is  then  10  mbar  for  a  mean 
temperature  of  20  °C. 

The  different  cables  structures  are  evaluated  on  basis  of 
such  a  limit  of  10  mbar. 

Type  1  Cables 

These  structures  are  totally  permeable  to  hydrogen. 
The  lack  of  any  detection  of  traces,  even  at  as  low  a 
level  as  0.01  mbar,  shows  that  by  comparison  with 
type  4  cables  the  generation  of  H2  from  unmetallic 
materials  is  at  least  of  the  second  order  compared  to 
water  decomposition  by  metals. 


These  structures  therefore  present  no  utilization  risk 
under  normal  conditions  of  use. 

Type  4  and  5  Cables 

Such  structures,  either  bare  or  bonded  steel  corrugated 
tape,  can  be  considered  as  slightly  closed. 

The  measurements,  show  only  H2  traces,  at  the  limit 
sensitivity  of  chromatography  detector. 

Assuming  as  confident  the  measured  values  and  with  a 
large  over-estimation  the  maximum,  expected  value 
will  never  exceed  a  few  tenths  of  a  mbar. 

These  structures  therefore  present  no  utilization  risk 
under  normal  conditions  of  use. 

Type  2  Cables 

The  measurements  and  mathematical  simulations  show 
that,  in  the  general  case  of  use  at  a  mean  temperature 
of  20°C,  the  partial  pressure  of  H2  will  reach  only  5 
mbar  within  thirty  to  forty  years. 
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For  continuous  use  at  temperatures  greater  than  20°C, 
the  limit  of  10  mbar  can  be  exceeded,  so  this  type  of 
structure  is  imadvisable. 

But,  if  this  type  of  cable  should  have  to  be  used,  it  is 
recommended  to  carryout  previously  a  serie  of 
practical  measurements  to  quantify  the  H2  risk  on  the 
actual  structure. 

The  results  obtained  on  the  type  2'  structure 
demonstrate  the  effectiveness  of  the  hydrogen  getter. 

Notice 

For  cables  type  1,  2,  4  and  S  having  permeable  sheath, 
the  permeation  rate  also  depends  on  the  partial  pressure 
of  H2  outside  the  cable.  This  external  pressure  is 
normally  null;  but  if  it  is  not,  the  simulations 
presented  should  be  revised  in  consideration  of  the 
hydrogen  pressure  existing  outside  the  cable.  This 
situation  may  exist  in  cases  of: 

-  use  of  metal  duct,  or  external  metallic  armouring  of 
the  cables  (decomposition  of  the  water  by  the 
metal(s)); 

-  soils  containing  organic  materials  or  geothermal 
sources  releasing  sulfated  hydrogen,  which  is  then 
transformed  into  hydrogen  by  the  metals  included  in 
the  cable. 

Type  3  Cables 

The  maximum  partial  pressure  reached  in  this  case  is 
an  inverse  function  of  the  existing  actual  internal 
gaseous  volume  Vo,  and  a  direct  function  of  the 
quantity  of  water  stored  in  the  manufacturing  process. 
The  maximum  reachable  partial  pressure  versus  time 
can  be  quantified  from  the  total  water  amount  and 
measured  Vo. 

Then  for  filled  cables,  this  structure  is  dangerous, 
particularly  in  case  of  water  penetration,  which  could 
in  certain  cases  accelerate  the  phenomenon.  For 
unfilled  cables,  the  hydrogen  can  flow  longitudinally 
and  then  may  escape  through  the  plastic  splicing 
closures. 

The  case  of  welded  steel  sheath  is  similar  with  lower 
hydrogen  generation. 

Comparison  to  Operational  Experience  in 
France  Telecom  Networks 

At  the  beginning  of  the  80s,  multimode  fibers  cables 
with  welded  aluminum  sheath  were  used,  and  no 
attenuation  increase  has  been  detected.  Probably  due 
that  these  cables  are  unfilled,  and  so  the  hydrogen 


evolved  was  able  to  circulate  and  to  escape  through  the 
plastic  splicing  closures. 

Sheaths  with  aluminum  tube  have  no  longer  been  in 
use  for  naore  than  seven  years.  For  example,  for 
exchange  to  exchange  and  long-distance  intercity  links, 
the  cables  used  are  either  metal-free  (type  1)  and 
installed  in  plastic  ducts,  or  with  corrugated  bonded 
steel  tape  (type  5)  in  case  of  direct  burial. 

On  a  general  survey  of  several  years,  no  attenuation 
increase  assignable  to  H2  presence  has  been  rqxirted, 
which  is  in  accordance  with  the  results  presented  here. 

CONCLUSIONS 

Cable  Evaluation 

The  main  conclusions,  in  correlation  with  actual 
observations  in  the  field,  are  the  following: 

-  At  temperatures  corresponding  to  practical  cable  use, 
the  generation  of  H2  by  the  non  metallic  materials  is  at 
least  of  the  second  order  compared  to  water 
decomposition  by  metals  (no  trace  of  hydrogen  found 
in  metal-free  cables). 

-  The  hydrogen  getter  is  effective. 

-  The  effect  of  galvanized  steel  strength  members 
seems  not  decisive:  the  high  generation  values  from  the 
literature  are  in  fact  not  confirmed  probably  due  to 
corrosion  protective  effect  of  jelly.  However  the  use  of 
such  strength  members  is  not  recomm^ded. 

-  The  values  of  the  coefficients  ’a’  and  "b*  determined 
by  this  measurement  method  fall  within  the  ranges 
given  in  the  literature. 

-  The  cable  structures  can  be  classified,  into  three 
categories  of  risk  (for  cables  without  any  hydrogel 
getter)  depending  on  the  type  of  sheath  (see  table 
below). 


Sheath 

no  risk 

doubt 

risk 

plastic 

X** 

bare  or  bonded  steel 

X** 

alu  polylam 

X* 

welded  or  extruded 

X 

*  For  normal  operating  conditiona 
**  According  to  operating  temperature 
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This  classification  refers  to  common  terrestrial  cable 
construction.  It  is  obvious  that  various  steps  may  be 
taken  to  limit  or  even  eliminate  the  risks  associated 
with  the  use  of  some  of  the  above  components. 

Validity  of  the  Method 

The  results  obtained  show  that,  by  direct  measurements 
on  cable  lengths  under  environmental  conditions 
similar  to  those  encountered  in  service  it  is  possible  to 
estimate  within  a  reasonable  time  (three  to  six  months): 

-  the  maximum  pressure  of  hydrogen; 

-  the  corresponding  times,  and  thereby  to  precise  the 
risks  of  attenuation  increase. 

This  method  may  also  help  to  design  the  suitable  cable 
structure  versus  practical  environmental  conditions. 

For  some  cases  where  more  accuracy  is  requested,  it  is 
advisable  to  measure  previously  the  actual  internal 
gaseous  volume  of  the  cable. 

Extension  of  the  Method 

The  method  presented  could  be  applied  to  other  cases 
such  as: 

-  partial  pressure  measurement  of  other  gases  such  as 
water  vapor,  by  adapting  the  vector  gas  and 
chromatography ; 

-  hydrogen  partial  pressure  evolution  in  submarine 
cables,  by  measurement  at  atmospheric  pressure  and 
then  transposition  of  results  at  operating  pressure. 
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EXAMINATION  OF  THE  STRENGTH  CHARACTERISTICS,  HYDROGEN 
PERMEATION  AND  ELECTRICAL  RESISTIVITY  OF  THE  CARBON 
COATING  OF  A  NUMBER  OF  ’HERMETIC’  OPTICAL  FIBRES 

E  S  R  Sikora,  J  V  Wright,  S  J  Pycock  and  M  J  Yates 


BT  LABORATORIES,  MARTLESHAM  HEATH,  IPSWICH,  UK 


1.  ABSTRACT 

Carbon  coatings  have  been  applied  to  optical  fibres  by  a 
number  of  manufacturers  in  an  effort  to  decrease  stress 
corrosion  through  reduced  water  permeation  to  the  surface 
of  the  silica  and  to  reduce  the  rate  of  hydrogen  diffusion  into 
the  fibre  core.If  they  are  to  have  wide  appeal  standard 
testing  techniques  will  be  needed.  In  this  report  we  have 
examined  the  strength,  hydrogen  permeation  and  electrical 
characteristics  of  a  number  of  hermetic  optical  fibres. 


2  INTRODUCTION 

A  number  of  techniques  such  as  sputtering,  evaporation, 
ionization  and  glow  discharge,  can  be  used  to  deposit  carbon 
films,  [1],  giving  different  carbon  structures  and  transport 
properties. 

Relatively  few  papers  have  been  published  detailing  the 
strength,  fatigue  and  hydrogen  susceptibility  of  carbon 
coated  fibre,  [2,3, 4,5,6].  The  resistance  to  stress  corrosion  as 
described  by  the  stress  corrosion  susceptibility  constant  (N) 
has  been  substantially  improved.  Values  of  N  between  70 
and  180  have  been  obtained  for  dynamic  fatigue  in  water  at 
90°C  and  25°C  respectively  [2,3]  and  200  in  air  at  23°C  [3] 
compared  to  between  20  and  30  for  non-hermetic  fibre  at 
25°C.  The  larger  N  values  for  the  hermetic  fibre  indicate 
that  the  diffusion  of  water  through  the  hermetic  coating  is 
negligible  when  compared  to  non-hermetic  fibre.  Fibre 
manufacturers  have  monitored  the  hydrogen  permeation 
through  their  carbon  coatings  by  mea.suring  the  resultant 
attenuation  at  different  temperatures  and  hydrogen 
pre.ssures;  from  50°C  to  125°C  at  1 1  atmospheres  [4],  50"C  to 

155°C  at  140  atmospheres  [5],  and  100°C  at  1  atmosphere  [6]. 
These  tests  have  shown  that  carbon  coated  fibres  offer  a 
significant  reduction  in  loss  due  to  hydrogen  compared  to 
non-hermetic  fibres. 

This  report  examines  the  strength  and  fatigue  characteristics, 
the  loss  due  to  hydrogen  and  the  electrical  resistivity  of  the 
carbon  coating  of  eight  fibres  supplied  by  three  different 
manufacturers.  The  carbon  coatings  examined  were  between 
200A  and  1000.4  thick.  The  coatings  were  applied  on-line 
after  the  pulling  furnace. 


3.  DESCRIPTION  OF  HERMETIC  CARBON  COATING 

The  structure  of  thin  films  of  carbon  is  unlike  that  of 
amorphous  silicon  in  that  the  carbon  has  two  preferred  bond 
types.  The  two  bond  types  can  give  rise  to  areas  in  the  film 
where  each  carbon  atom  is  bonded  to  four  other  carbon 
atoms  in  a  tetrahedral,  diamond  like,  structure  and  other 
areas  where  each  carbon  atom  is  bonded  to  three  other 
carbon  atoms  in  a  planar  aromatic,  graphite  like  structure. 
The  proportion  of  each  type  of  bond  structure,  the  stresses  in 
the  bonds,  and  the  level  of  impurities  are  determined  largely 
by  the  method  of  deposition.  For  example:  sputtering  and 
evaporation  can  be  used  whereby  single  carbon  atoms  or 
small  clusters  strike  the  substrate  with  low  energies  (no 
acceleration  of  particles)  and  hydrogen  is  excluded  from  the 
carbon  supporting  material:  ionised  carbon  and  hydrocarbon 
is  formed  by  the  extraction  of  carbon  ions  or  hydrocarbon 
molecule  ions  from  an  ionization  device  and  deposited  onto  a 
biased  substrate:  reactive  deposition  in  a  glow  discharge  of 
hydrocarbons  and  hydrogen  gas. 

The  deposition  method  for  the  commercial  samples 
examined  is  not  known  by  us  bu,  it  is  believed  that  the 
carbon  coating  is  applied  by  pyrolysis  of  a  hydrocarbon  such 
as  methane.  A  carrier  gas.  possibly  nitrogen  or  helium,  can 
be  used  to  increase  the  gas  pressure  in  the  pyrolysis  chamber 
to  atmospheric.  Heating  of  the  hydrocarbon  to  between 
1500°C  and  1800°C,  by  the  .'‘ibre  emerging  from  the  pulling 
furnace,  results  in  carbon  atoms  being  deposited  on  the  fibre 
surface.  Mo.st  of  the  deposition  is  thought  to  take  place  in 
the  region  of  maximum  temperature.  The  gas  mixture  can 
be  preheated  to  give  an  effective  increase  in  the  deposition 

rate. 

pyrolysis  is  not  a  single  step  process  [7]  whereby  all  the 
hydrogen  atoms  are  removed  leaving  carbon  atoms  free  to 
attach  them.selves  to  the  fibre.  It  involves  the  formation  of 
an  entire  series  of  molecular  species  of  progressively 
decreasing  hydrogen  fraction.  Two  competing  mechanisms; 
a)  the  rate  of  pyrolysis,  b)  the  rate  of  diffusion  through  a 
relatively  vi.scous  conduction  zone  next  to  the  fibre,  control 
the  formation  of  the  carbon  coatings.  Tests  have  shown 
[8,9.10.11]  that  the  carbon  coatings  examined  mainly  consist 
of  disordered  graphitic  crystallites  whose  textured  C-a\es  are 
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pemendicular  to  the  longitudinal  axis  of  the  fibre.  A  typical 
microstructure  of  pyrolytic  graphite  is  shown  in  Fig  (1). 

F1G.(  I ) 


Schematic  of  Pyrolytic  Carbon  Coating 

Crystallites 


Three  material  characteristics  effectively  control  the  coating 
density;  the  crystallite  size,  the  crystallite  orientation  (the 
angle  the  C-axis  makes  with  the  fibre)  and  the  crystallite 
perfection.  The  deposition  temperature  of  the  coating,  the 
concentration  of  hydrocarbon  gas  [12,13]  and  the  pulling  rate 
will  to  a  great  extent  control  these  characteristics.  In  general 
the  smaller  the  crystallite  and  the  more  random  the 
orientation,  the  greater  the  probability  of  microvoids  forming 
during  cooling  of  the  coating  resulting  in  a  coating  density 
less  than  that  of  a  single  crystal.  A  decrease  in  crystallite 
perfection  away  from  that  of  graphite  or  an  increase  in  the 
interlayer  spacing  will  also  decrease  the  density. 

Hydrogen  is  likely  to  diffuse  through  microvoids  formed  at 
the  crystallite  boundaries  during  cooling  [14]  and  by 
hydrogen  ion  transfer  between  unsatisfied  carbon  valencies 
[15].  Thus  smaller,  randomly  orientated  crystallites  may 
allow  hydrogen  to  diffuse  through  at  a  faster  rate. 

The  electrical  resistivity  is  also  a  function  of  the  crystallite 
size,  orientation  and  perfection,  [16].  Due  to  the  resistivity 
along  the  C-axis  being  much  larger  than  that  in  the  basal 
plane  the  resistivity  along  the  fibres  will  largely  be  controlled 
by  the  number  and  mobility  of  the  charge  carriers  along  the 
basal  planes  of  the  crystallites.  Coatings  made  up  of  small 
crystallites  are  thought  to  have  an  energy  gap  between  the 
valence  and  conduction  bands,]  16].  The  energy  gap  reduces 
with  increasing  crystallite  size.  The  carbon  atoms  at  the 
crystallite  boundaries  act  as  electron  traps  causing  the 
coatings  to  be  p-fype  material  in  which  the  electrical 

resistance  is  mainly  due  to  excess  carriers  (holes)  in  the 
valence  band.  Two  scattering  proce.sses  will  control  the 
mobility  of  the  charge  carriers;  scattering  due  to  lattice 
vibrations  and  scattering  occurring  at  the  crystallite 
interfaces  and  lattice  imperfections.  Thus  the  larger  the 
crystallite  size  and  the  better  the  orientation  the  closer  will 
the  resistivity  approach  that  of  a  single  graphite  crystal, 
0.3‘>xl0'^n  cm  [7]  compared  to  about  60xl0"*n  cm  for 
amorphous  carbon  [  17]. 


4.  FACTORS  AFFECTING  THE  STRENGTH  AND 
FATIGUE  OF  CARBON  COATED  FIBRES 

The  initial  strength  of  a  fibre  is  governed  by  the  size  of  the 
largest  surface  crack.  The  deposition  process  and  the  stresses 
at  the  carbon/silica  interface  will  tend  to  induce  cracks  at  the 
silica  interface  the  size  of  which  is  likely  to  depend  on  the 
energy  with  which  the  carbon  impacts  the  silica  surface 
during  deposition  and  the  level  of  radial  stress  acting  on  the 
silica  due  to  the  cooling  of  the  coating  after  deposition.  The 
thicker  the  coating  and  the  higher  its  modulus  (radial  and 
circumferential)  the  larger  will  be  the  radial  stress.  Low 
adhe.sion  between  the  carbon  and  the  silica  will  also  tend  to 
induce  surface  cracks  in  the  silica  if  relative  motion  takes 
place. 

The  elastic  moduli,  tensile  and  shear  strengths  of  the  carbon 
will  depend  on  the  crystallite  size,  the  orientation  and 
perfection,  the  temperature  and  the  type  of  bond  between 
any  crystallites  so  that  values  for  the  strength  characteristics 
of  graphite  materials  found  in  the  literature  not  obtained 
directly  from  the  coatings  can  only  be  used  as  rough  guides. 

Long  term  strength  will  depend  on  the  rate  of  water 
permeation  through  the  carbon  coating.  If  the  coating  is  not 
cracked  and  is  pinhole  free  the  rate  of  water  permeation  will 
be  negligible  as  the  coatings  are  almost  impervious  to 
hydrogen.  If  on  the  other  hand  the  coating  is  damaged 
through  corrosion  or  by  mechanical  handling  such  that  cracks 
are  induced  in  the  coating  or  there  are  pinholes  in  the 
coating,  hydrogen  and  water  may  permeate  through  at  a 
faster  rate.  This  may  not  lead  to  a  high  hydrogen  induced 

loss  if  the  cracks/pinholes  are  sufficiently  far  apart  but  may 
cause  stress  corrosion  of  the  silica  at  the  crack  site. 


Figure  2.  SCHEMATIC  OF  DYNAMIC  FATIGUE  TEST 
EQUIPMENT 
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5.  EXPERIMENTAL  WORK 

The  fibres  used  for  the  dynamic  fatigue  tests,  hydrogen 
permeation  tests  and  resistance  measurements  are  given  in 
Table  (1). 

TABLE  1.  FIBRES  EXAMINED  TO  DATE 


FIBRE 

ID 

COATING 

THICKNESS 

in  A 

HISTORY 

A 

850 

hydrogen  (ested 

E 

850 

NOT  hydrogen  tested 

F 

220 

NOT  hydrogen  tested 

B 

400 

hydrogen  tested 

C 

800 

hydrogen  tested 

D 

800 

hydrogen  tested 

Ci 

800 

NOT  hydrogen  tested 

H 

650 

NOT  hydrogen  tc.stcd 

5.1  STRENGTH  AND  FATIGUE 

The  hermetic  fibres  were  subjected  to  dynamic  fatigue  tests 
using  a  20m  gauge  length  to  obtain  the  initial  tensile  strength 
of  the  fibre  and  an  estimation  of  the  stress  corrosion 
susceptibility  constant  N.  Unlike  non-hermetic  fibre  where 
the  N  value  is  generally  independent  of  the  initial  size  of  the 
cracks,  with  hermetic  fibre  the  N  value  will  largely  depend  on 
the  the  size  and  position  of  cracks/pinholes  in  the  carbon 

coating  necessitating  the  N  value  to  be  obtained  from  long 
gauge  length  tests. 

A  schematic  of  the  20m  gauge  length  tensile  test  equipment 
is  shown  in  Fig(2).  The  fibre  is  wound  round  two  capstans, 
one  fixed  and  the  other  rotating.  A  load  cell  is  attached  to 
the  fixed  capstan  while  the  rotating  capstan  is  driven  by  a 
stepper  motor.  The  strain  is  measured  independently  using 
two  fixed  CCD  cameras  monitoring  the  position  of  two 
targets  attached  to  the  fibre.  The  ambient  temperature 
during  testing  is  =  20°C. 


Three  strain  rates  are  used,  0.00011%/sec,  0.00029%/sec 
and  0.064%/sec  giving  failure  times  of  approximately  8hrs, 
4hrs  and  Imin  respectively.  Figure  (3)  is  a  Weibull  plot  of 
the  failure  strains,  at  0.064%/sec,  for  fibres  A,B,E,F,G,  and 
H.  The  weakest  fibre  is  A  and  the  strongest  fibre  is  H.  The 
Weibull  slope  (m  value)  of  all  the  fibres  tested  at 
0.064%/sec,  except  fibre  A,  are  nearly  vertical  indicating  a 
narrow  crack  distribution.  The  mean  failure  strains  and  the 
number  used  to  estimate  the  N  and  m  values  at  the  different 
strain  rates  are  given  in  Table  (2),  any  results  not  part  of  the 
main  population  have  been  excluded.  The  thirmer  coatings 
(B.H)  tend  to  have  the  highest  mean  failure  strain,  except  for 
the  thinnest  (F).  Table  (3)  shows  how  the  m  value  varies  with 
the  strain  rate.  As  the  strain  rate  is  reduced  the  m  value 
decreases  for  all  fibres.  Two  fibres  A  and  G  also  show  a 
decrease  in  m  value  even  though  the  mean  failure  strains 
have  increased  slightly. 

Of  the  fibres  which  showed  a  reduction  in  the  failure  strain 
(E,F,B)  the  decrease  between  0.064%/sec  and  0.00029%/sec 
was  =0.3%.  Fibres  F  and  B  decrease  by  =0.6%  between 
0.00029%/sec  and  0.00011%/sec.  Fibre  H  on  the  other  hand 
decreases  by  0.52%  and  0.1%  between  the  fastest  and  middle 
strain  rate  and  the  middle  and  slowest  strain  rate 
respectively. 


Figure  3.  CUMULATIVE  FAILURE  PROBABIUTY  AT  A  STRAIN 
RATE  OF  0.064%/sec 
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Although  caution  needs  to  be  used  interpreting  the  N  values, 
as  the  m  values  are  not  constant  for  any  fibre  and  the  fact 
that  relatively  few  results  have  been  used  to  estimate  N,  the 
trends  are  clear.  A  and  G  have  the  largest  N  value  ,  Table 
(4),  while  the  others  are  lower  than  expected.  The  N  value 
for  B  and  F  reflects  an  increase  in  crack  growth  per  unit  time 
unlike  fibre  H  which  has  a  reduction  in  crack  growth  per  unit 

time  as  the  strain  rate  is  decreased.  Fibre  E  seems  to  be 
inconsistent  with  A  and  G  in  that  it  has  a  low  N  value  and  a 
relatively  thick  coating. 

5.2  LOSS  DUE  TO  HYDROGEN 

The  spectral  attenuation  of  fibres  A,B,C  and  D  has  been 
measured  with  respect  to  time  with  the  fibres  immersed  in  a 
hydrogen  atmosphere  at  6(FC  and  54  atmospheres.  Two 
other  fibres  F  and  H  are  at  present  on  test.  The  temperature 
of  60°C  was  chosen  to  increase  the  rate  of  diffusion  through 
the  coating  whilst  at  the  same  time  minimising  any 
microbending  losses  due  to  changes  in  the  mechanical 
characteristics  of  the  polymer  coatings.  Fifty  four 
atmospheres  is  simply  the  upper  limit  of  the  pressure  vessel. 
A  more  detailed  description  of  the  experiment  is  given  in 
[18]. 


TABLE  2. 

EFFEtrr  OF  STRAIN  RATE 
FAILURE  STRAIN 

ON 

MEAN 

FIBRE 

ID 

o.nool  1 

%/scc 

No 

used 

MEAN  FAILURE 

STRAIN  (%  ) 

FOR  A  STRAIN 
RATE  OF  (%/scc) 

0.00029  No 

%/scc  used 

0.064 

%/scc 

No 

used 

A 

4 

3.33 

9 

E 

3.3  .3 

3.6 

49 

F 

3 

4 

3.5  3 

3.7 

46 

B 

3.7 

6 

4.3  9 

4.6 

47 

O 

3.8 

6 

3.7 

.SO 

H 

4.2 

4 

4.3  .3 

4.82 

.SO 

The  hydrogen  induced  attenuation  at  1.24//m  for  fibres  A,  B 
and  C  at  60°C  and  .54  atmospheres  of  hydrogen  is  shown  in 
Fig(4)  ,  as  a  function  of  time.  Compared  to  non-hermetic 
fibres  the  increase  in  optical  loss  for  the  three  fibres  is 
negligible.  Notwithstanding  this  there  are  significant 
differences  between  the  fibres.  The  loss  of  fibre  A  is  much 
greater  than  that  of  fibres  B  and  C.  Note  that  the  loss  of  B 


TABLE  3.  WEIBULL  SLOPES  (m)  AT  DIFFERENT 
STRAIN  RATES 

nBRE  WEIBULL  SLOPE  (m) 

ID  !  FOR  A  STRAIN 

RATE  OF  (%/sec) 


0.00011 

%/scc 

0.00029 

%/sec 

0.064 

%  /sec 

A 

14 

43 

E 

16 

61 

F 

5 

17 

32 

B 

6 

20 

56 

G 

16 

63 

H 

8 

32 

76 

TABLE  4.  N  VALUES 


FIBRE 

ID 

N 

VALUE 

MEAN  FAILURE  STRAIN  (%) 

FOR  A  STRAIN 

RATE  OF  (%/sec) 

USED  IN  CALCULATION 

OFN 

0.00011 

%./scc 

0.00029 

%/sec 

0.064 

%/sec 

A 

>>200 

3.55 

3.53 

E 

55 

3.3 

3.64 

F 

UX) 

3.5 

3.7 

F 

40 

2.8 

3.5 

.3.7 

B 

35 

3.66 

4.3 

4.58 

B 

76 

4.3 

4.58 

G 

>>2(X1 

3.82 

3.73 

H 

46 

4.2 

4.82 
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and  C  has  been  multiplied  by  a  factor  of  5  to  clarify  the 
differences  between  the  traces.  The  rate  of  increase  of 
attenuation  of  fibre  D,  Fig(5),  on  the  other  hand  was  similar 
to  a  non-hermetic  fibre.  Tbe  carbon  coating  of  fibre  D  was 
therefore  not  hermetic  to  hydrogen  for  a  considerable 
portion  of  its  length.  Damage  to  the  coating  during  handling 
was  ruled  out  after  tests  designed  to  simulate  rough  handling, 
carried  out  on  a  length  of  fibre  pulled  from  the  same 
preform,  failed  to  induce  an  increase  in  loss.  A  visual 
examination  of  fibre  D  showed  that  the  adhesion  of  the 


FIG.  (5)  Attenuation  due  to  Hydrogen 

at  1 .24|jm  for  fibre  D 
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carbon  coating  to  the  silica  was  relatively  weak  compared  to 
the  other  three  fibres.  On  its  own  it  is  improbable  that  this 
would  give  rise  to  the  measured  loss.  On  the  other  hand  if 
ptoor  adhesion  between  the  carbon  coating  and  the  silica 
made  the  formation  of  very  small  cracks  more  probable 
hydrogen  could  easily  diffu.se  through  the  coating  and 
between  the  coating  and  the  silica. 

5.3  RESISTANCE  MEASUREMENTS 

Electrical  resistance  measurements  were  undertaken  to 
determine  whether  they  could  be  used  to  differentiate 
between  carbon  coatings  that  have  a  high  rate  of  hydrogen 
permeation  and  those  which  have  a  low  rate. 

Twelve  volts  was  chosen  as  the  standard  applied  voltage  as  a 
balance  between  too  low  a  current  measurement  and  too 
high  an  applied  voltage  affecting  the  resistance  of  the 
coating.  All  the  results  were  obtained  using  fibre  lengths 
whose  polymer  coatings  had  been  stripped  off  to  easure  good 
repeatability. 

To  enable  the  resistivity  of  the  coatings  to  be  calculated  the 
thickness  of  each  coating  was  measured  by  transmission 
electron  micro.scopy,  [8,9,10,11].  The  accuracy  of  the  present 
thickness  measurements  is  of  the  order  of  ±20%.  TTiis 
obviously  affects  the  accuracy  to  which  the  resistivity  can  be 
calculated.  Although  the  resistivity  can  only  be  quoted  to 
±20%  the  maximum  variation  in  the  resistance 
measurements  is  of  the  order  of  ±2%. 

TABLE  5.  RESISTIVITY  20°C  at  50%  RH 


FIBRE  RESISTIVITY  ncm/lE-4 


ID  MEAN  i9.S'T  CONHOENCE  LIMITS 

V'ALLIE  (variation  in  resi.vtancc  ) 

A  14.7  0.42 

B  11.6  0.2.S 

C  16  0..S8 

D  =40 

E  14.4  O.O.S 

F  11.5  O.W 

t;  15..S  0.07 

H  26.5  0.02 
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To  determine  whether  the  resistivity  values  were  affected  by 
fluctuations  in  resistance  at  the  joint  between  the  metal 
conductor,  (joined  to  each  end  of  the  carbon  coated  fibre 
using  ’sUver  dag’),  and  the  carbon  coated  fibre  the  resistance 
was  measured  as  a  function  of  length.  The  slope  of  the 
regression  line  through  the  four  points  along  each  length  of 
fibre,  between  10mm  and  300mm  was  then  converted  to 
resistivity.  As  end  effects  were  small  the  rest  of  the 
measurements  were  taken  on  single  lengths  of  fibre  between 
250  and  300mm  long. 

Table  (5),  shows  the  resistivities  of  the  fibres  tested.  Fibres 
A,  B,  C,  E  and  F  have  a  similar  resistivity  while  the  initial 
sample  from  the  fibre  that  had  a  higher  attenuation  due  to 
hydrogen,  fibre  D,  has  a  much  higher  resistivity.  Fibre  FI  has 
a  resistivity  higher  than  fibres  C  and  G  but  lower  than  that  of 
D.  The  results  are  typical  of  pyrolytic  graphite  [16,18,19]  as 
shown  in  Fig(6)  where  the  resistivity  of  different  pyrolytic 
graphites  are  plotted  against  deposition  temperature. 

To  determine  whether  the  resistivity  along  fibre  D  was 
constant  it  was  cut  into  three  lengths  Dl,  D2,  D3  and  the 
resistance  at  each  end  of  the  three  lengths  was  measured. 
The  resistivity  of  Dl  was  found  to  be  similar  to  the  fibres 
which  had  a  good  hydrogen  performance.  The  resistivity 
along  fibre  D  was  therefore  similar  to  fibres  A,  B  and  C  for 
approximately  2.5km  after  which  it  increased  to  over  100 
xlO"’*  n  cms  over  a  short  length  of  fibre,  and  reaching  values 
of  =  190x10'’'  n  cms  towards  the  end  of  the  fibre  length. 


FIG. (6)  Variation  of  Electrical  Resistivity 
with  Deposition  Temperature. 
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Fig  (7)  Variation  of  Resistivity  with  inverse  Temperature. 
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Fibre  Dl  was  then  immersed  in  hydrogen  at  60°C,  lOatm,  for 
a  period  of  425hrs.  No  change  was  found  in  the  attenuation 
at  1240nm  before  and  after  the  test  indicating  that  the  high 
hydrogen  permeation  for  fibre  D  shown  in  Fig(5)  was  due  to 
hydrogen  diffusing  into  the  fibre  only  over  approximately  half 
of  the  fibre,  (lengths  D2  and  D3). 


As  the  change  of  resistivity  with  temperature  depends  on  the 
electronic  structure  of  the  carbon  coatings  which  is  strongly 
dependent  on  the  deposition  conditions  plotting  resistivity 
against  temperature  can  therefore  give  an  indication  whether 
the  coating  structures  are  similar. 


Figure  (7)  is  an  Arrhenius  plot  of  the  resistivity  of  the  fibres. 
It  clearly  shows  a  distinct  difference  between  the  group  of 

fibres  A,  B,  C,  E,  F,  G  and  fibres  H  and  D2.  The  confidence 
limits  are  not  drawn  for  clarity.  An  idea  of  the  uncertainty  of 
the  measurements  is  given  in  Table(5).  Between  -30°C  and 
=  l(XfC  the  resistivity  for  each  of  the  fibres  decreases  by 
about  4%.  Above  =  100°C  the  resistivity  stEU'ts  to  change 
more  rapidly,  generally  decreasing  with  temperature.  Fibres 
E  and  G  which  show  a  slight  increase  are  expected  to  behave 
similarly  to  fibre  D2  where  a  slight  increase  is  followed  by  a 
rapid  decrease  in  resistivity  as  the  temperature  is  increased. 
This  behaviour  is  coasistent  with  that  of  pyrolytic  graphite 
[16]  where  the  resistivity  is  controlled  by  the  number  and 
mobility  of  excess  charge  carriers,  holes.  Up  to  about  100°C 
there  seems  to  be  insufficient  energy  for  the  formation  of 
significant  numbers  of  intriasic  carriers  (electron/hole  pairs) 
so  there  is  little  change  in  the  resistivity.  As  the  temperature 
is  increased  still  further  the  number  of  intriasic  carriers 
increases  significantly  so  reducing  the  resistivity. 


Four  measurements  of  resistivity  with  temperature  were 
taken  for  fibre  D2,  two  from  each  end.  As  expected  the 
resistivity  is  much  larger  with  a  distinct  difference  between 
the  two  ends,  the  end  closest  to  length  Dl  having  a 
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substantially  smaller  resistivity  than  the  other  end.  Three 
interesting  features  are  noticeable;  the  average  slope  below 
about  90°C  are  similar  to  those  of  the  other  fibres,  the  plots 
are  noisier  insofar  as  there  are  a  number  of  excursions  from 
the  mean  slope,  and  that  the  decrease  in  resistivity  at 
temperatures  above  =  100°C  is  significantly  greater  than  that 
for  the  other  fibres. 

5.4  SEM  and  TEM  EXAMINATION 

The  coatings  were  also  examined  using  SEM  and  TEM 
techniques  to  provide  a  physical  interpretation  of  the 
resistivity  measurements.  A  scanning  electron  microscope 
(SEM)  examination  of  fibres  B  and  D  using  an  X-ray 
technique  (EDX)  provided  relative  thicknesses  of  the  carbon 
coatings.  No  features  such  as  defects/cracks  were  observed, 
at  a  magnification  of  20,000,  on  lengths  of  fibre  D  examined. 
The  surface  of  the  coatings  on  fibres  B  and  D  were  smooth 
at  the  same  magnification,  [21].  If  defects  existed  they  would 
have  to  be  smaller  than  about  lOOnm. 

The  six  fibres  were  also  examined  by  transmission  electron 
microscopy  (TEM),  [8,9,10,11].  Thin  sections  from  each 


TABLE  6.  INTERPLANAR  SPACINGS  MEASURED 
FROM  THE  ELECTRON  DIFFRACTION 
PATTERN  TAKEN  FROM  THE  FIBRE 
COATINGS 


TABLE?.  CRYSTALLITE  PARAMETERS 


HERE 

ID 

COATING  PARAMETERS 

_ 

Crystallite 
Dimension 
C-axis  ! 

(A)  ^ 

Inter¬ 

planar 

distance 

A  ±  10% 

Average 

Orientation 

of  C-axis  wrt 

fibre  radius 
(degrees) 

Reference  |7] 

to  i 

3.7 

A 

<15 

±25 

B 

<20  : 

±25 

c 

<15 

3.7 

±25 

<20 

3.6 

±18 

H 

<20 

! 

3.7 

±40 

FIBRE  MEASURED 

ID  INTERPLANAR 

SPACINGS 
(A) 


;  {0002} 

^{1010}  I 

{0004} 

{1120} 

Graphite 
single  crystal 
for 

comparison 

3.35 

i  2.13 

1.67 

i 

1.23 

Graphite 

1  small 
crystallites 
for 

comparison 

3.71 

2.13  ; 

1 

1 

1.87  j 

i 

1.23 

A 

1 

3.52 

2.05 

■  1.77 

1.18 

B 

3.61 

2.12 

1 

1 

1.19 

C 

3.64 

2.1 

■  \.s^ 

1.19 

fibre  were  prepared  by  mechanical  polishing  and  ion  beam 
milling  enabling  the  coatings  to  be  examined  along  the 
longitudinal  direction  of  the  fibres.  Improvements  to  the 
preparation  of  fibres  F  and  H  allowed  a  greater  length  of 
coating  to  be  examined  in  a  direction  tangential  to  the  radius. 
The  diameters  of  the  diffraction  ring  patterns.  Table  (6). 
suggest  the  coatings  to  be  largely  made  up  of  disordered 
graphitic  crystallites  rather  than  a  single  crystal  or  an 
amorphous  structure.  The  0002  and  the  0004  reflections  are 
intense  in  only  two  opposing  directions  over  an  angular  range 
given  in  Table  (7).  The  1010  and  1120  are  intense  over  the 
same  angular  range  but  are  perpendicular  to  0002.  This 

implies  a  strong  texturing  of  the  crystallites  such  that  their 
C-axes  are.  on  average,  orientated  radially  to  the  fibre.  One 
of  the  fibres,  H.  has  very  weak  texturing,  and  the  0002  and 
1010  arcs  can  just  be  discerned.  TEM  micrographs  of  fibre  H 
suggest  the  carbon  surface  has  a  slight  ripple.  The 
estimation,  where  possible,  of  the  crystallite  size  in  the  C- 
direction,  the  average  orientation  and  the  interplanar 
distance.  Table  (7),  agree  well  with  the  resistivity 
measurements  carried  out  here  and  also  those  reported  in 
the  literature. 
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6.  DISCUSSION 

The  initial  strength,  the  lifetime  and  the  hydrogen 
performance  of  the  fibres  are  controlled  by  the 
microstructure  and  thickness  of  the  coatings.  In  general  the 
results  suggest  that  the  thicker  the  coating  the  lower  the 
initial  strength.  It  might  be  expected  that  the  larger  and  the 
better  orientated  the  crystallites  are  the  lower  the  hydrogen 
diffusion  for  a  given  thickness. 

The  initial  tensile  strength,  the  N  value  and  the  variation  in 
the  crack  distribution  has  been  estimated  from  dynamic 
fatigue  results  obtained  from  20m  gauge  length  samples  in 
tension.  In  general  it  has  been  found  that  the  thicker  the 
coating  the  smaller  the  mean  failure  strain  tends  to  be  with 
the  exception  of  fibre  F  which  has  the  thinnest  coating  and  a 
low  mean  failure  strain. 

The  crack  distribution  as  described  by  the  m  value  becomes 
wider  as  the  strain  rate  is  decreased.  This  is  unlikely  to  be 
due  to  a  real  change  in  the  crack  distribution  on  the  surface 
of  the  fibre  before  the  tests,  but  due  to  a  variation  in  the  rate 
of  crack  growth  during  the  tests.  Increased  testing  times, 
lower  strain  rates,  will  tend  to  allow  small  variations  in  the 
chemical  processes  at  the  crack  tip  to  affect  the  failure  strain. 
As  the  reduction  in  m  value  also  occurs  with  fibres  A  and  G 
whose  mean  failure  strains  at  0.00011%/sec  are  slightly 
greater  than  those  at  0.064%/sec  it  is  probable  that  crack 
blunting  is  also  taking  place.  The  effects  of  crack  blunting  can 
also  be  seen  in  the  results  for  fibre  H  when  comparing  the 
mean  failure  strains  for  strain  rates  of  0.00029%/sec  and 
0.00011  %/sec. 

The  N  values  of  all  the  fibres  tested  are  larger  than  those 
obtained  from  non-hermetic  fibre.  The  N  value  for  the  fibres 
with  the  thinner  coatings,  B,  F  and  H,  are  noticeably  smaller 
than  for  fibres  A  and  G  the  two  fibres  with  the  thickest 
coatings.  It  is  possible  that  cracks,  w'hich  may  occur  during 
the  tests,  in  the  thinner  coatings  offer  a  more  direct  route  for 
w'ater  to  reach  the  silica  surface  than  cracks  in  the  thicker 
coatings.  The  exception  to  this  is  fibre  E  which  also  has  an  N 
value  of  55  and  a  coating  thickness  of  about  85(14. 

From  the  present  hydrogen  results  three  of  the  four  fibres 
(A.B.C)  would  be  suitable  for  use  in  cable  .systems  where 

hydrogen  may  be  a  problem.  From  the  electrical  resistivity 
results  and  TEM  analysis  (crystallite  orientation  ±  18°)  it  is 
expected  that  fibre  F  wilt  also  have  a  good  hydrogen 
performance.  Fibre  H  with  its  higher  electrical  resistivity  and 
weaker  texturing  (crystallite  orientation  ±40°)  is  expected  to 
have  a  worse  hydrogen  performance  than  the  other  fibres 
tested  except  for  fibre  D2.  The  higher  electrical  resistivity 
may  tentatively  be  ascribed  to  the  weaker  texturing,  that  is 
the  larger  angular  spread  of  the  C-axis  to  the  fibre  radius.  It 
is  suspected  that  a  processing  fault  during  the  application  of 
the  carbon  coating  on  fibre  D  increa.sed  its  hydrogen 
permeation  for  part  of  its  length. 


FIG. (8)  Variation  of  Electrical  Resistivity 
with  Diffusion  Coefficient  at  60°C 
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There  is  no  correlation  between  the  N  value  and  the 
hydrogen  diffusion  coefficient  through  the  coatings  using  the 
present  fatigue  testing  techniques.  A  probable  explanation  is 
that  the  hydrogen  attenuation  wa-s  measured  on  fibre  wound 
under  a  low  tension  onto  a  fibre  drum  while  the  N  value  was 
obtained  from  fibre  under  a  high  tensile  strain. 

Electrical  resistivity  and  TEM  measurements  indicate  that 
the  coatings  are  made  up  of  small  graphitic  crystallites  whose 
C-axes  have  an  average  orientation  between  ±  16°  and  ±40° 
to  the  fibre  radius.  There  is  also  evidence  from  the 
literature,  [14,15]  to  suggest  that  hydrogen  may  diffuse 
through  pyrolytic  carbon  coatings  at  microvoids  and 
crystallite  boundaries.  The  diffusion  coefficient  may 
therefore  be  affected  by  the  size  and  orientation  of  the 
crystallites.  Coating  thickness  is  another  factor  which  will 
affect  the  rate  of  hydrogen  diffusion.  The  difftision 
coefficient  for  hydrogen  through  the  carbon  is  given  by  [22]: 


Where  t  is  the  coating  thickness  and  r  is  the  time  for 
hydrogen  to  start  diffusing  into  the  silica,  assuming  a  linear 
concentration  gradient  in  the  carbon  coating.  The 
relationship  between  the  hydrogen  diffusion  through  the 
carbon  coating  and  the  electrical  resistivity  is  show  n  in  Fig(8) 
where  the  diffusion  coefficient  calculated  for  the  three  fibres, 
using  the  lag  times  from  Fig(4),  is  plotted  against  the 
electrical  resistivity  values  given  in  Table(5).  There  does 
seem  to  be  a  clear  correlation  between  the  diffusion 
coefficients  and  the  electrical  resistivity  of  fibres  B  and  C. 
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Fibre  A  was  expected  to  have  a  higher  resistivity  given  its 
greater  hydrogen  permeation.  It  is  unlikely  that  its  resistivity 
was  incorrectly  measured  as  a  number  of  measurements 
were  made  on  different  lengths  of  fibre.  It  may  be  that  the 
crystallite  interfaces  are  trapping  fewer  electrons  due  to 
contamination  by  other  atoms  such  as  hydrogen,  leading  to 
more  intriasic  carriers  and  a  lower  resistivity.  Such 
contamination  might  not  affect  the  rate  of  hydrogen 
permeation  through  the  coating.  Further  work  is  required  to 
determine  the  reasons  for  the  low  resistivity  of  fibre  A.  It 
may  be  that  the  different  manufacturing  proce.s.ses  may  give 
slightly  different  correlations  between  the  resistivity  and  the 
diffusion  coefficient. 

Fibre  D  would  not  be  suitable  for  use  in  cable  systems  as  its 
diffusion  coefficient  varies  from  =:0.3xl0'’*^/n'//ir,  which  is 
similar  to  fibres  A  and  B,  to  =4xl0'''/n “//ir,  the  value  for 
ordinary  silica  fibres.  The  reason  for  the  high  resistivity  and 
high  hydrogen  diffusion  is  not  clear  at  present.  The  thickne.ss 
of  the  coating,  a-<  far  as  it  has  been  measured,  is  the  same  as 
fibre  C.  The  microstructure  of  fibres  C,  D1  and  D2  was, 
using  TEM  techniques,  found  to  be  similar.  If  the  coating 
thickne.ss  and  the  microstructure  of  the  two  fibres  is  similar 
the  difference  in  the  resistivity  and  the  hydrogen  coefficient 
could  be  due  to  cracks  smaller  than  the  resolution  of  the 
SEM,  about  lOOnm,  and  too  far  apart  to  be  easily  seen  using 
the  TEM.  It  is  pos.sible  that  poor  adhesion  between  the 
carbon  coating  and  the  silica  would  allow  hydrogen  to  diffuse 
along  the  fibre  so  reducing  the  number  of  cracks  needed  in 
the  carbon. 

The  hydrogen  diffusion  measurements  on  fibre  D  indicate  a 
need  for  on-line  monitoring  of  the  carbon  deposition  process. 
The  electrical  resistance  of  any  length  of  carbon  coating  will 
be  a  function  of  two  variables,  the  thickness  and  the 
microstructure,  so  that  it  would  be  difficult  to  control  the 
process  using  resistance  as  the  only  measured  variable  in  the 
feedback  loop.  Data  on  the  coating  thickness  or  the 
microstructure  would  have  to  be  obtained  on-line  bv  a 
different  technique  if  electrical  resistance  is  k'  be  used  h  r 
the  on-line  quality  control  of  the  carbon  coutings. 

llie  present  strength  results  indicate  that  the  stress  corrosion 
behaviour  cannot  be  inferred  from  the  hydrogen 

performance  of  the  fibre  without  further  information  on  the 
mechanical  stability  of  the  coatings. 

7.  CONCLUSIONS 

•  Fibres  with  thinner  coatings  tend  to  have  higher  initial 
strengths. 

•  The  strength  distribution  becomes  wider  as  the  strain 
rate  is  reduced. 

•  The  N  value  of  fibres  A  and  G  is  >  >200  while  that  of  the 
other  fibres  is  between  .T'i  and  100  depending  on  the 
strain  rates  used  in  the  calculations. 


•  Significant  crack  blunting  can  occur  as  demonstrated  by 
fibres  A,B  and  H. 

•  Although  the  hydrogen  permeation  rate  through  the 
carbon  coatings  of  fibres  (A,B  and  C )  made  by  three 
different  manufactures  has  been  shown  to  vary 
significantly  they  would  be  suitable  for  use  in  current 
cable  systems. 

•  The  hydrogen  diffusion  coefficient  of  a  fibre  (D)  assumed 
to  be  hermetic  has  been  shown  to  vary  by  approximately 
seven  orders  of  magnitude  between  the  two  ends  of  the 
fibre. 

•  Measurements  of  electrical  resistivity  of  fibre  D  were 
used  to  determine  which  lengths  had  a  hydrogen  diffusion 
coefficient  similar  to  the  other  three  fibres. 

•  Electrical  resistivity  and  TEM  measurements  suggest 
that  the  carbon  coatings  probably  consist  o‘'  graphite 
crystallites  with  their  basal  planes  rough',  parallel  to  the 
surface  of  the  silica. 

.  A  correlation  between  the  electrical  resistivity  and  the 
hydrogen  diffusion  coefficient  has  been  demonstrated. 

•  On-line  quality  control  of  the  coating  deposition  process 
using  electrical  resistance  techniques  would  necessitate 
separating  the  effects  of  thickness  and  microstructure. 

•  Further  work  is  required  to  determine  the  limits,  to  w  hich 
the  resistmty  can  be  used  to  assess  the  hydrogen 

performance,  and  the  most  suitable  technique  to  assess 
the  strength  and  the  long  term  fatigue  characteristics  of 
the  fibres. 
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St5*ess-induced  and  stress-free 
ageing  of  optical  fibres  in  water 

W.  Griffioen,  W.  Ahn,  A.T.  De  Boer,  G.  Segers 
PTT  Research,  Box  421,  2260  AK  Leidschendam,  The  Netherlands 


Abstract 

We  observed  anomalies  (‘knees’)  in  the  fatigue  behaviour 
of  optical  fibres  in  water  with  double- mandrel  experiments. 
With  two-point-bending  experiments  on  fibres,  that  were 
stored  in  water,  stress-free  ageing  is  observed.  Inert-strength 
measurements  and  STM  photographs  of  aged  fibres  indicate 
that  ‘pits’  are  formed  in  the  silica  surface.  To  understand  the 
mechanism  for  this  the  residurJ  stress  of  the  siUca  surface  is 
measured.  A  model  is  presented  which  partially  explains  the 
‘knees’  in  relation  with  stress-free  ageing. 


Recently  the  rate  at  which  metal-free  fibre-optic  cables  are 
installed  has  increased  drastically.  This  is  done  to  save  costs 
and  also  to  fully  exploit  the  benefits  of  the  dielectric  optical 
fibre,  such  as  the  insensitiveness  for  lightning  and  the  ab¬ 
sence  of  hydrogen  formation  due  to  corrosion  of  metal  parts. 
The  use  of  metal-free  cables  brings  with  it  the  risk  of  the 
fibres  being  surrounded  by  water.  Especially  in  the  ‘wet’ 
Netherlands  situation  where  the  HDPE  (High-Density  Poly- 
Ethylene)  ducts  are  full  of  water  this  will  surely  be  the  case. 
The  notorious  ‘knees’,  found  in  the  static-fatigue  behaviour 
of  optical  fibres  placed  in  water,  are  a  reason  to  doubt  if 
existing  lifetime-estimations  of  the  fibres  are  realistic.*  It 
was  not  clear  whether  these  ‘knees’  were  due  to  a  change 
in  the  (‘power-law’)  stress-induced  crack  growth  at  a  certain 
stress-level  or  due  to  a  time  effect,  e.g.  from  the  coating,  su¬ 
perposed  on  mentioned  crack-growth* .  To  separate  these  ef¬ 
fects,  both  long-running  (double-mandrel)  static- fatigue  ex¬ 
periments  in  water  and  (two-point-bending)  dynamic-fatigue 
experiments  after  ageing  of  the  fibres  in  water  were  done.^’® 
To  check  if  ‘pits’  are  formed  during  stress-free  ageing  in  wa¬ 
ter,  also  inert  strengths  were  measured  before  and  after  age¬ 
ing.  STM-photographs  are  made  after  this  ageing  too.  In  a 
model  stress-free  aging,  determined  from  two-point-bending 
experiments,  is  used  to  explain  the  ‘knees’,  measured  with 
double-mandrel  experiments.  In  this  model  stress-free  ‘pit’- 
formation  is  not  yet  incorporated.  There  is  no  theory  yet 


which  explains  the  latter  effects.  To  check  if  the  fibres  are  re¬ 
ally  stress-free,  the  fibres’  residual  surface-stress  is  measured. 
(Residual-)  stress-induced  crack  growth  is  investigated  as  a 
possible  cause  for  the  formation  of  ‘pits’. 


Double-Mandrel 

Double-mandrel  static-fatigue  experiments  were  performed 
on  uv-acrylate-coated  fibres  in  water  of  30,  40  and  SO'C  and 
a  pH-value  of  roughly  7.  In  Figure  1  a  Weibull-plot  of  times 
to  fracture  from  fibres  stored  in  water  of  30‘’C  is  shown  as 
an  example. 


— ♦  Time  to  failure  (min) 


Figure  1:  Weibull-plot  of  double-mandrel  times  to  fracture 
t}  of  fibres  stored  in  water  of  3(FC.  The  numbers  indicate 
the  mandrel  diameter  d„,  in  mm 

In  Figure  2  the  median  time  to  fracture  tf  is  given  as  a  func¬ 
tion  of  mandrel  diameter  d^.  ‘Knees’,  at  which  the  corrosion 
susceptibility  n  drops  from  a  value  above  20  down  to  6  -  8, 
can  be  clearly  recognized*. 
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Figure  2:  Median  double-mandrel  time  to  fracture  tf  as  a 
function  of  mandrel  diameter  d^ 

Two-point-bending 


In  Figure  4  the  median  strains  at  fracture  as  a  function  of 
plate  speed  v  are  given  for  fibres  that  were  stored  at  ambient 
conditions  and  subsequently  in  water  of  60“C  for  1  up  to  7 
months.  A  dramatic  decrejise  in  fibre  strength  is  observed 
while  the  magnitude  of  n  (slope  in  Figure  4)  remains  almost 
constant. 


Two-point-bending  dynamic-fatigue  experiments  were  per¬ 
formed  on  the  same  kind  of  fibres,  after  stress-free  ageing 
in  water.  The  fibres  were  stored  on  loosely  wound  20-cm 
spools,  immersed  in  a  tank  filled  with  deionized  water  with 
a  pH-value  of  roughly  7.  The  fibres  were  tested  at  ambi¬ 
ent  conditions,  within  half  an  hour  after  leaving  the  water. 
In  Figure  3  a  WeibuU-piot  of  two-point- bending  strains  is 
given  at  different  plate-speeds  v  (1  /xm/s  -  1  mm/s)  for  fibres 
at  ambient  conditions  and  after  ageing  in  water  of  50®C.  It  is 
clear  that  not  only  the  fracture  strain  decreases  dramatically 
after  ageing  in  water,  but  that  also  the  WeibuU-parameter 
m  drops  (from  75  to  25). 


Figure  3:  Weibull-plot  of  two-point-bending  strains  Ed  at 
different  plate-speeds  for  fibres  at  ambient  condition  and 
after  7  months  in  water  of  5(FC 


Figure  4-  Median  strain  at  fracture  £d  in  two-point  bending 
experiments  as  a  function  of  plate  speed  v 


Figure  5:  Median  strain  at  fracture  td  two-point  bending 
experiments  (v  is  m/s)  as  a  function  of  storage  time  t 
in  water 


In  Figure  5  the  median  strains  £d  at  fracture  at  a  plate  speed 
of  10"®  m/s  are  given  as  a  function  of  the  storage  time  t 
in  water  of  20  up  to  60®C.  The  curves  show  a  continuous 
decrease  of  fracture  strains  with  time.  The  strength  as  a 
function  of  time  is  fitted  by  an  ‘S-curve’  on  a  logarithmic 
scale  (it  is  however  not  clear  whether  the  strengths  relaxe  to 
zero  or  to  a  residual  level): 
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(1) 

Here  £^(0)  is  the  strain  at  fracture  before  aging  in  water  and 
to  and  1)  are  fitting  parameters.  In  Figure  5  fits  are  drawn 
with  a  Tj-value  of  0.6  and  t<,-values  of  1000,  50,  15,  5.5  and 
2.3  months  for  20,  30,  40,  50  and  60“C  respectively. 

To  check  if  ‘pits’  are  formed  during  stress-free  ageing  in  wa¬ 
ter,  also  inert  strengths  were  measured  before  and  after  age¬ 
ing.  This  was  performed  with  two-point  bending  on  fibres 
in  vacuum  for  1  week.^  The  results  are  shown  in  Figure  6. 
The  accuracy  of  these  measurements  decreases  with  strength 
since  also  the  m- values  decrease  (down  to  20  at  60“C)  and  the 
number  of  detected  fractures  decreases  (down  to  3  per  set  of 
plates  at  GO'C).  A  decrease  in  ‘vacuum-strengths’,  which  are 
really  the  inert  values  since  the  strengths  are  independent 
of  fracturing  speed,  is  clearly  present.  Hence  it  is  concluded 
that  ‘pits’  are  formed.  This  is  also  supported  by  the  fact 
that  the  m-values  decreased  (also  seen  in  measurements  at 
ambient  condition:  Figure  3),  which  is  only  possible  when 
the  initial  flaw  distribution  has  been  changed. 

From  Figure  5  and  6,  using  formulas  for  two-point-bending 
strengths  and  a  n-vsJue  of  20,  B-values  (scale- factor  for  speed 
of  crack  growth)  of  10"*,  10"*  and  10"*  GPa’s  are  obtained 
for  aged  fibres  in  40,  50  and  60‘’C  respectively.*  These  B- 
values  should,  according  to  stress-induced  crack-growth  the¬ 
ory,  be  the  same  as  the  value  of  10"*  GPa’s  for  unaged 
fibres.*  The  increase  of  the  B-value  might  be  caused  by  a 
change  of  ‘chemical  environment’  (not  probable  because  this 
would  result  in  a  decrease  in  the  speed  of  crack  growth). 
It  might  also  indicate  that  the  (‘power-law’)  stress-induced 
crack-growth  theory  cannot  be  used  from  the  start,  espe¬ 
cially  not  for  unaged,  pristine  fibres. 


STM-photographs 

Another  proof  for  ‘pit-formation’  during  stress-free  ageing  of 
the  fibres  is  found  with  the  help  of  Scanning  Tunneling  Mi¬ 
croscopy  (STM).  ‘Nanoscopic’  photographs  are  made  from 
the  silica  surface  of  the  fibres  with  a  commercial  available 
STM-nanoscoop.®  In  Figure  7  a),  b)  and  c)  the  surfaces  are 
shown  of  an  unaged  fibre  and  of  the  same  fibre,  aged  in  wa- 
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Figure  6:  Inert  strengths  of  fibres,  measured  with  two-point 
bending  in  vacuum,  from  ambient  condition  and  after  ageing 
in  water  of  40,  50  and  60" C  during  7  months 


Figure  7:  STM-photograph  of  the  fibre's  surface,  a)  unaged 
and  after  ageing  in  water  of  b)  fO  and  c)  6irC  during  7 
months 
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ter  of  40  and  60®C  during  7  months,  respectively.  It  is  clear 
that  the  surface  roughness  has  increased  due  to  the  stress- 
free  ageing.  This  behaviour  is  also  found  by  Robinson  and 
Yuce.®  The  large  particles  in  Figure  7  b)  are  probably  due  to 
the  gold  plating  or  due  to  dust  particles.  From  linear  scans 
over  1  ^m,  maximum  flaw-sizes  on  a  nanoscopic  scale  are 
estimated.  Large-scale  undulations  are  not  considered  since 
they  do  not  contribute  significantly  to  stress  concentrations. 
In  this  way  effective  crack  depths  of  2,  3  and  6  nm  are  found 
for  the  surfaces  of  figure  7  a),  b)  and  c)  respectively.  This 
correspond  to  a  maximum  fibre  strain  of  20,  16  and  11% 
respectively.®  These  values  show  the  same  decrease  as  for 
the  measurements  of  the  inert  strengths.  The  measured  in¬ 
ert  strengths  are  however  lower  since  the  effective  test  length 
with  two-point  bending  is  larger  than  1  fim.*  Moreover  in  the 
experiments  a  two-dimensional  surface  is  stressed  while  the 
crack  depths  are  obtained  from  a  one-dimensional  scan. 


face).  This  stress  is  even  lower  than  the  surface  tensile-stress 
of  45  MPa,  due  to  the  loosely  winding  of  the  fibres  on  the 
spools.  The  total  tensile  stress  at  the  surface  of  67  MPa  is 
much  lower  than  the  stress  of  roughly  5  GPa  at  which  the 
fibres  are  fractured. 


Discussion 


Time-dependent  .g-value 

From  crack-growth  theory  it  can  be  derived  that,  for  an  ap¬ 
plied  stress  a  sufficiently  below  the  inert  strength  (Tv,  the 
time  to  fracture  is  given  by:® 


'  Jo  B 


-^dt 


(2) 


Surface  strain 

In  order  to  check  if  the  fibres  were  really  stress-free  dur¬ 
ing  the  ageing  in  water  the  stress  profiles  of  the  fibres  are 
measured.  This  is  done  because  after  pulling  the  fibre  from 
the  preform  a  thermally-  (difference  in  expansion  coefficient) 
or  mechanically-  (difference  in  viscosity;  effect  depends  on 
pulling  force)  induced  stress  may  be  expected  at  the  surface 
of  the  fibre.  The  stress  profiles  of  the  fibres  are  measured 
with  an  equipment  which  uses  the  photoelastic  effect.®  In 
Figure  8  the  measured  axial  and  radial  stresses  <T(r)  of  the 
tested,  unaged,  fibre  are  shown  as  a  function  of  the  distance 
r  to  the  core  (ageing  of  the  fibres  did  not  affect  the  stress 
profile).  It  is  clear  that  at  the  surface  of  the  fibre  a  residual 
axial  tensile-stress  of  roughly  22  MPa  is  present  (extrapo¬ 
lated  since  the  measuring  accuracy  drops  close  to  the  sur- 


Here  5  is  a  factor,  inversely  proportional  to  the  speed  of 
crack  growth.  A  cause  for  the  strength  decrease  after  ageing 
in  water  might  be  a  stress-independent  time  effect,  e.g.  loos¬ 
ening  of  the  ‘chemically  near’  primary  coating  (after  aging  in 
water  the  primary  coating  spontaneously  slides  down  just  by 
handling  the  fibres)*.  Changes  in  the  chemical  environment 
of  the  fibres  and  even  the  filling  of  the  cracks  with  water  can 
also  be  responsible  for  a  stress-independent  time  effect. 

In  an  attempt  to  relate  the  ‘knees’  from  the  mandrel  ex¬ 
periments  with  stress-free  ageing,  a  model  is  introduced  in 
which  n  has  a  fixed  value  and  15  is  a  function  of  time.  Using 
equation  1  and  the  relation  between  fracture  strain  ej  and 
plate  speed  v  for  two-point  bending,  the  time  dependence  of 
B  follows  from  the  time  behaviour  of  £j:® 


0  20  40  60 


Figure  8:  Residual  axial  and  radial  stress  <r(r)  of  the  tested, 
unaged,  fibre  as  a  function  of  the  distance  r  to  the  core 


B(t)  = 


CdfESe^(0r-' 
v(n  —  l)£r,"~^ 


/(t){l  +  ^a£,(0)/(t)) 


(3) 


Here  C7  is  a  constant  (1.198),  d/  the  diameter  of  the  uncoated 
fibre,  Eo  the  Young’s  modulus  and  a  a  constant  for  nonhn- 
earity  in  elastic  behaviour  of  the  sihca  glass.  The  (maximum) 
static  stress  tr  in  a  fibre  wound  around  a  mandrel  is:® 


(T  =  E. 


1  1 
2"d„. 


d„. 


(4) 


Solving  equation  2  numerically,  using  equations  1,  3  and  4, 
the  time  to  fracture  tf  is  found  as  a  function  of  mandrel 
diameter  dm,  stress-free  ageing  incorporated.  Next  ty  is  cor¬ 
rected  for  differences  between  test  lengths  for  double  man¬ 
drel  (1  mm)  and  two-point  bending  (20  pm),  using  Weibull 
statistics  with  a  Weibull  parameter  of  100.®'®  Figure  9  is  con¬ 
structed  using  the  results  obtained  by  the  two- point-bending 
measurements  after  aging  in  water  and  the  fits  of  Figure  5. 
‘Knees’,  like  those  in  Figure  2,  are  clearly  present.  Differ¬ 
ences  with  Figure  2  can  partially  be  explained  by  the  fact 
that  the  two-point  bending  measurements  were  performed 
on  fibres  being  in  ambient  condition  for  half  an  hour. 
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Figure  9:  Calculaled  median  time  to  fracture  tj  as  a  func¬ 
tion  of  mandrel  diameter  derived  from  two-point  bending 
experiments  after  storage  of  the  fibres  in  water 


The  presented  model  only  takes  into  account  that  the  crack 
growth  of  an  aged  fibre  is  higher  due  to  a  change  in  ‘chem¬ 
ical  environment’.  ‘Pit’  formation  in  stress-free  condition 
is  however  eJso  present,  as  is  clear  from  the  measurements. 
The  mechanism  of  this  phenomenon  is  however  not  clear. 
It  is  also  not  clear  how  this  behaviour  can  be  fitted  and 
translated  into  ‘knees’.  France  et  al.  developed  a  model  by 
assuming  that,  over  the  first  haJf  of  the  lifetime,  strength 
degradation  is  caused  by  zero-stress  ageing  (‘pit-formation’) 
and,  over  the  last  half,  by  fatigue.^  It  is  believed  that  in  the 
double- mandrel  experiments  a  combination  of  both  stress- 
free  ‘pit’  formation  and  increase  in  speed  of  crack  growth  is 
present. 


‘Pit-formation’ 

From  inert-strength  measurements  and  STM-photography  it 
is  concluded  that  cracks  have  grown  or  ‘pits’  are  formed.  The 
question  is  what  is  the  mechanism  for  this  is.  For  a  fibre 
surface  under  a  static  tension  cr„  the  cracks  should,  when 
stress-induced  corrosion  is  the  mechanism,  grow  according 
to  crack-growth  theory:’ 


result  in  a  fracture  time  of  less  than  1  second  for  e.g.  the 
40‘’C,  5-mm  mandrel-  experiment  (apphed  stress  of  1.8  GPa, 
much  higher  than  the  67  MPa  ‘stress-free’  condition)  when 
results  of  figure  6  are  used.  This  comparison  is  based  on 
an  equal  product  <r”t,  which  is  a  measure  for  ageing.^  The 
double-mandrel  results,  given  in  Figure  2,  show  much  larger 
fracturing  times.  Hence  it  is  concluded  that  ‘pit-formation’ 
is  not  caused  by  (‘power-law’)  stress-induced  crack  growth. 


Differential  stress-free  etching  of  the  silica  surface  by  the 
warm  water  is  a  possible  mechanism  for  the  formation  of 
‘pits’.  This  may  be  affected  by  inhomogeneities  in  and/or 
loosening  of  the  primary  coating.  It  is  not  yet  clear  what 
the  magnitude  of  this  effect  is,  and  how  it  depends  on  envi¬ 
ronmental  conditions.  Another  possibility  is  crack  nucleation 
on  a  pristine  sibca  surface.*  This  is  energetic  favourable,  only 
when  a  stress  is  present  on  the  surface  (is  the  ‘stress-free’  67 
MPa  sufficient  for  this?)  and  when  material  is  removed  by 
a  corrosive  agent  (water).  The  final  surface  distortions  are 
expected  to  be  smaller  than  1  nm  and  afterwards  the  mech¬ 
anism  will  switch  to  stress-induced  crack  growth.  At  this 
moment  it  is  in  study  if  our  measurements  are  in  agreement 
with  this  theory. 


Conclusions 


We  observed  anomabes  (‘knees’)  in  the  fatigue  behaviour 
of  optical  fibres  in  water  with  double-mandrel  experiments. 
With  two-point-bending  experiments  on  fibres,  which  were 
stored  in  water,  stress-free  ageing  is  observed.  Inert-strength 
measurements  and  STM  photographs  prove  that  in  the  lat¬ 
ter  case  ‘pits’  are  formed.  These  ‘pits’  are  shown  not  to  be 
caused  by  (‘power-law’)  stress-induced  crack  growth  result¬ 
ing  from  a  small  residual  stress  on  the  sibca  surface.  The 
true  mechanism  is  stiU  unclear.  In  an  attempt  to  relate  the 
‘knees’  with  stress-free  ageing  a  model  is  presented  in  which 
a  stress-independent  time  effect,  e.g.  a  primary  coating  ef¬ 
fect,  influences  the  scale  factor  for  the  speed  of  stress-induced 
crack  growth.  The  model  explains  the  ‘knees’  but  does  not 
yet  incorporate  stress- free  ‘pit’  formation. 
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FATIGUE  BEHAVIOR  OF  COATED  OPTICAL  FIBERS 

IN  WATER 


SHUJI  OKAGAWA  and  K£ I GO  NAEOA 
THE  FURUKAWA  ELECTRIC  CO.,  LTD. 


Abst  ract 


The  dynamic  fatigue  properties  of  optical  fi¬ 
bers  with  different  water  absorption  and  acidity  in 
a  primary  coating,  and  also  carbon  coated  fiber 
were  measured  in  10-80  Xl  water.  By  analysing  ex¬ 
perimental  results  with  the  exponential  law  model, 
fatigue  behavior  of  coated  fibers  was  quantita¬ 
tively  evaluated  in  terms  of  the  frequency  factor 
and  the  activation  energy  for  crack  growth  reac¬ 
tion,  instead  of  n  value  on  the  power  law.  And 
static  fatigue,  n  value,  and  lifetime  of  coated 
fibers  in  water  have  been  estimated  by  this  model. 

1  . Introduction 


In  water  fatigue  rate  of  coated  optical  fibers 
is  accelerated,  and  to  prevent  water  from  reaching 
the  glass  surface,  optical  fiber  cable  has  been 
usually  filled  with  jelly  compounds  or  water  block¬ 
ing  materials.  In  this  cable  design  the  fatigue 
parameter,  "n  value"  based  on  the  power  law,  plays 
a  central  role  on  the  mechanical  reliability  assur¬ 
ance.  However,  with  increasing  the  demands  to  use 
optical  fibers  in  wider  areas,  e.g.,  undersea, 
aerial,  subscriber  system,  etc.,  tliere  lias  been  the 
possibility  that  optical  fibers  are  subjected  to 
aqueous  environment.  In  such  a  case,  mechanical 
lifetime  can  not  be  predicted  by  the  power  law  be¬ 
cause  in  a  high  stress/short  time  region  of  the 
static  fatigue  data,  fatigue  parameter  n  is  an  or¬ 
der  of  20  as  same  as  the  value  in  the  normal 
non-aqueous  condition,  while  in  a  lower  stress 
/longer  time  region  ‘he  \alue  is  knowri  to  fall  dow/i 
to  less  than  10(1).  Some  author’s  have  called  this 
strange  phenomenon  "fatigue  knee"|2|.  And  from  the 
standpoint  of  optical  fiber  industry,  it  is  neces¬ 
sary  to  develop  a  model,  which  interprets  these 
whole  phenomena  and  enable  the  lifetime  prediction 
ill  an  actual  low  stress/long  time  ri'gion  by  extrap¬ 
olation  of  the  experimental  results  in  a  high 
stress/short  time  region. 

With  the  exponential  law  model  we  have  already 


reported  the  preliminary  results,  in  which  "fatigue 
knee"  was  expressed  as  a  curved  form  rather  than  an 
intersection  of  two  lines[3].  In  this  paper  we  will 
discuss  the  fatigue  behavior  in  water  for  different 
optical  fibers,  which  have  different  water  absorp- 
t  ioti  and  acidity  in  a  primary  coating  and  have  a 
thin  carbon  coating  on  silica  fiber. 

11.  Question  on  the  power  law  model 

Crack  growth  velocity  v  is  expressed  by  the 
empirical  power  law  as  showti  in  Equation  (1),  and 
this  simple  law  has  been  widely  applied  to  optical 
fiber  strength  assurance. 


,  ,,  n 

V  =  A  ;  K  ; 

( 1 ) 

K  ;  =  ct  V  /TT 

(  2  ) 

where  K  v  is  the  stress  intensity  factor,  n  is 
the  fatigue  parameter.  O  is  the  applied  stress, 
Y  is  a  geometric  constant  { In  111),  C  is  the 
crack  size,  and  A  .  is  constant. 

In  Eq.(2),  the  fracture  occurs  when  K  :  ,  which 
contains  two  parameters  C!  atid  C,  leaches  the 
critical  stress  intensity  factor  K:’(=8.1  .x  10 
GPaym[2l)  and  fracture  strength  is  definitely 
determined  by  crack  size.  Eqs.  (1)  and  (2)  imply 
that  no  crack  gi-owth  occurs  in  the  case  of  o  =  0. 
However,  in  watei’  sti’ength  is  degi-aded  by  zero 
-stress  aging.  This  means  th.it  applicat  ion  of  Iq. 
(1)  to  f.atigue  behavior  in  water  is  not  .nlequ.ite. 


III.  Application  of  the  exponent  i  .a  I  law  model 

Based  on  the  chemical  reaction  kinetics,  there 
has  been  sr^ieral  attemtrts  to  cxpri’ss  the  crMck 
growth  K.’iucity  as  an  exporn’tit  ial  form  g  1 1  en  b\ 

Eq.(.T)l  II.  I  hi. 
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(  3  ) 


ing  f roB  6  X  lO^^GPa/sec  to  2  X  10*'GPa/sei  .  A  min- 
imua  of  Lon  spociaens  with  a  ^age  length  of  30  cb 
in  water  were  tested  at  each  strain  rate. 


^  /  E  ^  n  ’  K  ,  N 

v=Aexp(-  — +  —  — ^ 

where  E  is  the  activation  energy,  R  is  the  gas 
constant,  T  is  the  absolute  temperature,  and  A 
and  n  ’  are  constants. 

In  this  model,  Eq.(3)  leads  to  <rack  growth 
even  if  o’  =  0  and  contains  more  physical  meanings 
compared  to  the  power  law. 

IV.  Experimental  Procedure 

The  optical  fibers  with  a  diameter  of  t25/:m 
were  usually  coated  with  a  soft  l!V  curable  ure¬ 
thane  acrylate  as  a  primary  layer  and  with  .a  hard 
PV  curable  urethane  acrylate  as  a  secondary  layer 
to  250  /L^m .  Furthermore,  in  order  to  clarify  the 
coating  effect  on  the  fatigue  behavior,  we  used  the 
optical  fibers  coated  with  different  tiV  (urable 
primary  coatings  controlled  to  change  their  water 
absor[)tion  and  aridity,  and  also  the  optical  fiber 
with  a  thin  layer  of  amorphous  carbon  betw«-en  fiber 

surface  and  primarv  layer.  This  carbon  coating  w.as 
o 

about  500A  in  thickness.  These  properties  of  fiber 
coatings  are  summarized  in  Table  [. 


Tab  1 e  I 

Coating  structures  of  tested  fibers 


No . 

Carbon 

1  ayer 

Primary  layer 

Mat  er  ia  1 

kater  ( %) 

absorpL ion 

P  H 

1 

nono 

a 

1.3 

5 . 0 

2 

-  500.A 

a 

1.3 

.5.0 

3 

b 

0.!) 

5.3 

4 

riorip 

C’ 

1  .8 

4.  1 

Se( ondary  layer  was  the  same  for  all  fibers. 


No.  3  fiber  raa  i  n  1  >  consists  of  |io  1  vearbonat  e  ure¬ 
thane  acrylate  preiiolymer  to  reduce  its  water  ab¬ 
sorption,  and  No.l  fiber  (ontains  oligoesler  .acryl¬ 
ate  as  a  monomer  to  make  an  atmosphere  around  t he 
glass  more  acid.  Viati’r  absorption  was  dot  I'rm  i  neil 
aiaording  to  .IIS  K720it  using  the  method  B.  And 
acidity  was  measured  with  a  distilled  water  of  10 
ml  containing  a  <  uretl  primary  coal  ing  resin  of  0.2 
g.  (In  the  e\alual  ion  of  fat  igiie  behai  ioiir  the 
dynamic  fat  igiie  tests  were  condiii' t  ed  in  10,  00,  and 
80 '(.’water  by  tensile  testing  at  strain  r.ates  rang¬ 


V.  E.xperimental  Re.sulls 

The  dynamic  fatigue  behavior  on  this  ex¬ 
ponential  model  is  given  by  Kq.(4)ll].  Parameters 
a  ,  /S ,  and  y  are  determined  by  a  trivariant 


regression  of  Kq.(l): 

1  n  (  (T  d  /  ^  )  =  or  +  >8  /  T  -  y  ff  d  /  T  (  4  ) 

a  =  1  n  (  2  K:.  '  /  S  i  •  Y’  A  )  (  .">  ) 

>8  =  F  /  R  (  6  ) 

y  =  n  R  S  i  (  7  ) 

where  <Td  is  the  fracture  strength,  cT  is  the 


stressing  rate,  and  S  i  is  the  inert  strength. 
Figures  1  to  4  show  dynamic  fatigue  properties  in 
terms  of  this  model  for  No.l  coated  fiber  to  No.l, 
respei  Lively.  The  solid  lines  in  these  figures  rep- 
resi'nt  the  regression  lines  corresponding  to 
Fiq.(4).  Three  parameters  (  a,  /S ,  and  y  )  obtained 
by  regression  analysis  are  listed  in  fable  |1  .  From 
the  figures  these  lalciilatioii  results  well  coiru  ide 
with  experimental  data,  except  for  No. 2  < arbon 

loaled  fiber  in  Fig. 2,  where  the  regression  lines 
declined  a  litLl<‘  i orapared  to  the  experimental  da¬ 
ta.  This  means  that  behavior  of  carbon  coated  fiber 
would  not  be  thoroughly  expressed  by  a  model  bas<‘d 
on  the  crack  growth  reaction  in  spite  of  the 
exponential  or  the  power  law  and  it  will  he  neces¬ 
sary  t(i  develop  another  model  for  carbon  coated 
fiber  in  further  study.  With  this  in  mind,  the 
1‘xponential  law  model  is  also  applied  to  i  arbon 
coated  fiber  in  this  paper  bec.’iiise  the  model  is 
expected  to  provide  a  more  accurate  and  safer  prac¬ 
tical  lifetime  prediction  for  carbon  coated  fibc-r 
than  the  powc>r  law  modi‘1  and  fits,  of  course,  the 
data  of  standard  non-carbon  coated  fibers  wc‘ll. 

As  for  the  coating  I'ffec  I  on  dynamic  fatigue  in 
water,  it  should  lie  noted  that  carbon  cuatecl  fibi-r 
(No. 2  spc-cimc’n)  shciwc'd  little  stn-nglh  rc-diic  t  ion 
<-veti  .at  80  "C  and  maintained  more  than  .5  GPa  in 
strength.  On  the  other  band.  Three'  non-carbon 
coated  fibers  (No.l,  i  and  1  spec  imens)  exhibited 
about  20%  strengtti  rc'diiction  .at  HfJ '(’  comiiared  with 
those  in  the  normal  condition.  Further  details  ef 
the  coating  effects  are  discussed  in  the  next 
section  with  three  par.ameters  in  fable  II. 
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In  (CTt,/ a)  (In  (sec))  ln((7d/a)  (In (sec)) 


Table  II 

Fatigue  parameters  obtained  by  the  regression 
analysis  of  the  exponential  law  model 


No. 

a  ( In  sec) 

0  (K) 

y  (K/GPa) 

1 

-17.4 

1.47  X  10"* 

1.72  X  10^ 

2 

-6.3 

2.80  X  lO-* 

4.68  X  10^ 

3 

-12.7 

1.23  X  10- 

1.62  X  10^ 

B 

-12.4 

1.2.6  X  10- 

1.61  X  10=' 

Figure  1 .  Dynamic  fatigue  of  No.  1  fiber 
in  water. 


Figure  2.  Dynamic  fatigue  of  No.  2  fiber 
in  water. 


Figure  3.  Dynamic  fatigue  of  No.  3  fiber 
in  water. 


Ga  (GPa) 


Figure  4.  Dynamic  fatigue  of  No.  4  fiber 
in  water. 


VI.  Discussion 

(1)  Physical  and  chemical  meanings  of  parameters 
g ,  B ,  and  y 

Three  parameters  are  represented  by  physical 
and  chemical  parameters  as  shown  in  Ecjs.(5)  to  (7). 
That  is,  a  contains  S  i  and  A  which  relates  to 
the  frefiucncy  factor.  0  refers  to  E,  and  y  is 
expressed  by  the  ratio  of  n  which  relates  to  the 
activ.ation  volume  V,  to  S  i  . 

n  ’  and  E  for  different  glass  compositions 
are  described  in  ref. [41,  where  n  ’  shows  almost 
the  same  value  as  E,  such  a  way  that  n  ’  /  E  = 
0.73  ~  1.23.  So  assuming  n  ’=  E  in  this  paper. 
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Eq.(8)  easily  means  the  inert  strength. 

Si  ^  B  /  y  (  8  ) 

Si  in  Eq .  (8 )  corresponds  to  ad  in  Eq.(4)atT^0. 
Tsually  it  is  difficuit  to  obtain  the  inert 
strength  because  tensiie  test  at  a  very  high  stress 
rate  must  be  conducted  under  a  liquid  nitrogen 
atmosphere.  Assumption  of  n  ’=  E  still  leads  to  E  = 
S  i  since  n  ’  =  S  i  [  ti ) . 

Parameters  A,  E,  and  Si  determined  by  this 
method  are  summarized  in  Table  111,  where  K  ic  is 
assumed  to  be  8.1  x  10"‘'^GPa/m  for  all  four  fibers 
including  No. 2  carbon  coated  fiber  in  calculating 
the  constant  A. 


Table  111 

Fatigue  constants  of  the  crack  growth  reaction 
estimated  b,\  the  exponential  law  model 


The  inert  strength  of  tiiree  non-carbon  coated 
fibers  (No.  I,  3,  and  1)  has  reached  around  8  GPa, 
while  that  of  carbon  coated  fiber(No.2  sample)  was 
about  8GPa.  This  means  that  inert  strength  of  No. 2 
fiber  seems  to  be  mainly  determined  by  a  thin 
carbon  layer  on  glass  surface.  Actually  strength  of 
carbon  coated  filler  has  been  impi'oved  by  optimizing 
the  qualities  of  a  caiTion  layer  such  as  sui-face 
roughness  and  thickness,  and  has  been  the  same  .as 
that  uf  Usual  silica  optical  fibers!" j. 

The  constant  A  is  pr’oport  ional  to  frequency 
factor,  which  is  a  measure  of  the  effective  col¬ 
lision  between  w.ater  molecules  and  a  crack  to  lead 
to  the  crack  growth  reaction.  .And  smaller'  const.aiit 
A  means  higher  fatigire  resistance.  Kith  respect 
to  this  constant  A,  that  of  carbon  coated  fiber 
is  far  smaller  than  those  of  the  others.  It  is  rea¬ 
sonable  to  assume  that  a  carlion  layer-  pr’events 
water-  reaching  fiber  surf.ace  .and  there  is  no  ap- 
[ireciable  inter-action  between  car-bon  layer  itself 
and  water-.  Next,  ciincer-n  i  rig  the  protection  by  TV 
resin  coatings  against  water.  No. .3  fiber  with  a 
lower  water  absorption  anrl  No.  I  fiber-  with  a  more 
acid  iir-irnar-y  coating  show  smaller  v,'ilues  of 


constant  A  and  assume  to  have  reduced  water 
attacking,  compared  with  No.l  fiber.  But  dynamic 
fatigue  results  of  these  three  fibers  were  almost 
in  the  same  manner  as  shown  in  Figs.l,  3,  and  4. 

This  seems  to  attribute  differences  in  the  ac¬ 
tivation  energy  E,  which  means  a  barrier  against 
the  crack  growth  reaction,  and  higher  E  implies 
higher  fatigue  resistance.  The  activation  energy  of 
No.l  fiber  is  about  20  kJ/mol  larger  than  that  of 
No. 3  or  No. 4  fiber,  and  their  smaller  constants  .A 
appear  to  be  compensated  by  this  larger  E.  After 
all,  the  effects  of  water  absorption  and  acidity  in 
a  primary  layer  on  the  activation  energy  was  not 
remarkable  in  the  range  of  this  experiments.  On  the 
other  hand,  carbon  coated  fiber  (No. 2  specimen)  ex¬ 
hibits  twice  or  more  larger  E  compared  with  the 
others.  It  is  clear  that  the  carbon  layer  hardly 
reacts  with  water  and  has  fatigue  resistance  supe¬ 
rior  to  normal  non-carbon  coated  optical  fibers. 

Assuming  n  '=  E  in  this  paper,  the  activa¬ 
tion  energy  has  more  distinguish  effect  on  fatigue 
behavior  of  coated  fibers  than  constant  A,  because 
it  affects  both  the  slope  {  y  /  T  )  and  the  inter¬ 
cept  (  >8  /  T  )  of  the  dynamic  fatigue  plot  derived 
f  i-om  Eq .  (  4 )  . 

(2)  Predicted  static  fatigue  behavior  of  coated  op¬ 
tical  fibers 

Now  we  apply  this  model  to  static  fatigue  be¬ 
havior.  That  is,  by  using  these  a,  8.  and  y  the 
t  ime-to-fai  lure  t  s  is  given  by  F.q.(9): 


T  T 

t  s  =  ! —  (~  +  a  s  ) 

os-  y  y 


xexp  (a  +  ^/T-ros/'T)  (9) 


where  as  is  the  applied  stress.  The  time-to- 
failure  of  tested  fibers  at  any  temperature  and  any 
applied  stress  can  be  predicted  by  Eq.(9),  using 
a,  0,  and  y  in  Table  11.  Figs. 5  and  6  illustrate 
the  calculation  results  of  the  static  fatigue  in 
40,  60,  and  80  °C  water  for  No.l  fiber  as  a 

representative  of  three  non-carbon  coated  fibers 
and  No. 2  c.-irbon  coated  fiber,  respectively.  In  both 
cases,  with  decreasing  applied  stress  as,  the  sl¬ 
ope  (  I)  value)  of  logts  vs.  logos  plot  also  de¬ 
creases.  On  this  model  the  "fatigue  knee"  is  ex¬ 
pressed  as  a  curved  form  rather  than  an  inter¬ 
section  of  two  lines  on  the  powei-  law  model. 
Comparing  the  t  ime-to-fai lure  scale  in  Fig. 5  with 
that  in  Fig. 6,  it  should  be  noted  that  mechanical 
reliability  of  optical  fibers  has  been  improved 
dramatically  by  introducing  a  carbon  layer  on  glass 
surface . 
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Figure  5.  Predicted  static  fatigue  of 
No.  1  fiber  in  water. 


Figure  6.  Predicted  static  fatigue  of 
No.  2  fiber  in  water. 


(3)  Fatigue  parameter  "  n  "  expressed  by  exponen¬ 
tial  law  moilo I 

By  fli  f  ff  rent  iat  i  ng  natural  log  of  Kg.  (9)  with 
respeol  to  Injs,  the  fatigue  parameter  ri  is 
g i ven  by  Eg . ( 10  ) : 


&  1  ri  I  s 
d  1  n  (T  s 


y  <T  H  /  r 

(  T  /  y  (T  S  +  I  ) 


+  2  (10) 


non-carbon  coated  fiber  and  No. 2  carbon  coaled  fi¬ 
ber,  respectively.  n  value  decreases  lirn-arly 
with  decreasing  (Ts.  As  can  be  seen  from  Eg.  (10), 
the  dependence  of  n  on  y  is  also  in  a  simil.ar 
manner  as  that  on  crs  and  carbon  cajated  fiber  with 
larger  y  leads  to  larger  n  value  as  shown  in 
Fig. 8.  In  addition,  with  increasing  temperature, 
n  value  decreases  slightly.  As  a  result,  n  value 
seems  to  be  not  a  physical  constant  from  which  fa¬ 
tigue  behavior  in  water  can  be  totally  interpreted 
and  the  lifetime  prediction  based  on  n  value  is 
not  appropriate. 


Figure  7.  The  dependence  of  n  on 
applied  stress  for  No.  1  fiber  in 
water. 


The  dependence  of  n  on  applied  stress  is 
demonstrated  in  Figs. 7  and  H  for  No.  I  standard 


Rgure  8.  The  dependence  of  n  on 
applied  stress  for  No.  2  fiber  in 
water. 
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(4)  Lifetime  prediction  by  exponential  law  model 

When  a  proof  test  with  a  test  stress  of  CTP  is 
made  on  optical  fibers,  flaws  corresponding  to  less 
inert  strength  than  ap  are  eliminated.  And  the 
minimum  t ime-to-fai lure  tmin  has  been  defined  as 
the  time  that  the  survival  largest  flaws  having  an 
inert  strength  of  ap  lead  to  a  failure  due  to 
static  fatigue(8].  Applying  this  principle  to  expo¬ 
nential  model,  tmin  is  given  in  Eq.(ll),  by  sub¬ 
stituting  ap  into  S  i  in  Eq.(9)  and  assuming  n  ’= 
E  . 


tmin 


2Ki..‘ 


R  T 


as'Y'A  E 


(££,41) 

Vctp  E  / 


X  e  X  p 


1  - 

R  T  V 

ap/ 

(11) 


Fig. 9  represents  a  lifetime  diagram  in  the 
constant  A  vs.  the  activation  energy  E  plots, 
which  satisfy  a  minimum  t ime-to-fai 1 ure  of  20  years 
in  25  °C  water  after  a  proof  test  with  a  strain  of  1 
percent.  From  Fig. 9,  in  order  to  meet  the  require¬ 
ment  standard  fibers  must  be  used  under  a  condition 
in  which  the  ratio  of  allowable  service  stress  to 
proof  stress  is  less  than  30  percent.  On  the  other 
hand,  carbon  coated  fiber  is  allowed  to  use  up  to 
70  percent  in  the  ratio  and  expected  to  apply 
wide  areas  where  high  long-term  reliability  is 
needed. 


Figure  9.  A  lifetime  diagram  for  coated  fibers  in 
water  based  on  the  minimum  time-to-failure. 


Vn.  Conclusions 


Based  on  the  chemical  reaction  kinetics,  in 
which  crack  growth  velocity  is  expressed  in  an 
exponential  form,  fatigue  behavior  of  coated  opti¬ 
cal  fibers  in  water  has  been  studied  and  the  key 
points  to  be  clarified  are  summarized  as  follows: 

(1)  The  dynamic  fatigue  test  results  of  the  stan¬ 
dard  coated  fibers  in  water  were  well  expressed 
by  the  exponential  law  model.  Witii  respect  of 
coating  effects  on  the  fatigue  behavior,  carbon 
coated  fiber  exhibiting  a  higher  fatigue 
resistance  provided  a  lower  frequency  factor 
and  a  higher  activation  energy.  But  in  order  to 
fully  understand  the  behavior  of  carbon  coated 
fiber,  it  will  be  necessary  to  develop  another 
model  that  would  not  be  based  on  the  crack 
growth  reaction. 

(2)  In  static  fatigue  predicted  by  this  model  with 
dynamic  fatigue  test  results,  the  slop^  (  n 
value)  of  logts  vs.  logas  plot  decreased  with 
decreasing  the  applied  stress.  The  "fatigue 
knee"  was  expressed  as  a  curved  form  rather 
than  an  intersection  of  two  lines  on  the  power 
law . 

(3)  By  this  model,  the  fatigue  parameter  "  n  "  was 
given  as  a  function  of  applied  stress,  temper¬ 
ature,  and  only  parameter  y  .  n  value  decreased 
linearly  with  decreasing  applied  stress  and 
y  .  Further,  with  increasing  temperature,  n 
value  decreased  slightly.  This  suggests  that 
fatigue  parameter  "  n  "  would  not  be  a  physical 
constant  from  which  fatigue  behavior  in  water 
can  be  to*  illy  interpreted  and  the  lifetime 
prediction  based  on  n  value  leads  to  an  over- 
est imat ion . 

(4)  In  lifetime  prediction  by  applying  the  minimum 
time-to-failure  principle  to  this  model,  it  is 
assumed  that  in  water  standard  fibers  must  be 
used  under  a  cr'iidition  where  the  ratio  of  al¬ 
lowable  seiAice  stress  to  proof  stress  is  less 
than  30  percent,  while  carbon  coated  fiber  is 
allowed  to  use  up  to  70  percent  in  the  ratio. 
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MECHANICAL  BEHAVIOR  OF  HERMETICALLY  COATED  OPTICAL  FIBER 


H.  H.  Yuce  and  J.  P.  Varachi,  Jr 
Bellcore 
445  South  Street 
Morristown,  NJ  07962 

P.  L.  Key 
Bellcore 

33 1  Nev.Tnan  Springs  Road 
Red  Bank,  NJ  07701 


The  mechanical  behavior  of  a  commercially  available 
hermetic  fiber,  which  has  an  amorphous  carbon  film 
between  the  glass  surface  and  the  polymer  coating,  has 
been  compared  to  the  behavior  of  a  conventional  polymer 
coated  fiber.  We  found  that  the  strength  of  the  hermetic 
fiber  is  somewhat  lower  than  the  non-hermetic  fiber  and 
that  the  strength  distribution  is  broader.  Atomic  force 
microscopy  (AFM)  was  u.sed  to  show  that  the  surface  of  the 
hermetic  fiber  is  rougher  than  the  surface  of  the  non- 
hermetic  fiber,  thereby  explaining  the  strength  difference. 
However,  the  stress  corrosion  resistance  of  the  hermetic 
fiber  was  .so  much  greater  than  for  the  non-hermetic  fiber 
that  the  initial  strength  advantage  of  non-hermetic  fiber  is 
negated  for  long  term  reliability  considerations. 

In  general,  the  hermetic  fiber  held  up  well  after  low  stress 
aging  in  water  at  temperatures  up  to  60°C.  There  was, 
however,  a  decrease  in  stre.ss  corrosion  resistance  when  the 
testing  or  aging  was  carried  out  above  6(PC. 


The  current  successful  use  of  silica-based  optical  fibers  in 
communications  systems  has  resulted  from  two  parallel 
developments  in  glass  fiber  technology:  a  large  reduction  in 
optical  attenuation  in  appropriate  bandwidths  and  a 
significant  improvement  in  fiber  mechanical  propertie.s. 

The  reduction  in  attenuation  was  achieved  primarily  by 
removing  impurities  that  caused  absorption  of  optical 
energy  in  silica.  The  improvement  in  mechanical  behavior 
has  resulted  from  reductions  in  the  size  of  flaws,  .such  :ls 
surface  abrasions  and  microcracks  present  in  all  gktss  fibers, 
by  minimizing  damage  to  the  fiber  during  drawing,  and  by 
application  of  protective  polymeric  coatings  immediately 
after  drawing. 

The  initial  strength  of  a  fiber  is  determined  by  the  size  of 
the  largest  flaw  present;  the  long  term  strength  is  controlled 
bv  the  slow  growth  of  flaws  in  the  fiber  in  the  presence  of 
stress  and/or  a  corroding  species  in  the  environment.  This 
latter  process  is  known  as  fatigue  (static  and  dynamic)  in 
the  literature  on  glass  and  as  stress  corrosion  in  other  fields. 


Current  fibers  have  a  strength  of  almost  800,000  psi  in  short 
lengths',  which  corresponds  to  a  flaw  depth  of  about  0.03 
p.m  and  a  stress  level  approaching  the  theoretical  maximum 
value  based  upon  simultaneous  fracture  of  all  atomic  bonds 
in  the  fiber  cross  section.  The  depth  of  such  a  flaw  is  about 
0.02%  of  the  diameter  of  the  glass  fiber  or  only  about  200 
times  the  silicon-oxygen  bond  length! 

Further  reductions  in  the  initial  flaw  size  and  corresponding 
increases  in  initial  strength  seem  unlikely,  so  industry  has 
begun  to  focus  on  increasing  long  term  strength  by 
developing  coatings  that  prevent  chemical  species  in  the 
environment  from  contacting  the  glass  surface.  Several 
materials  have  been  tried  including  metals  .such  as 
aluminum, indium,"*  and  tin,^  and  compounds  such  as 
silicon  oxynitride  and  silicon  carbide,  and  carbon.*  In  most 
of  the  early  work  with  such  coatings,  significant 
improvement  in  stre.ss  corrosion  resistance  was  obtained  but 
at  the  expense  of  decreases  in  initial  strength,  increases  in 
microbending  losses,  and  decreases  in  draw  speed  due  to 
slow  deposition  rates.  However,  higher  strength  hermetic 
fibers  having  a  thin  amorphous  carbon  layer  between  the 
glass  and  the  conventional  polymeric  coating^''*  have 
recently  been  developed.  Such  fibers  hold  considerable 
promise  for  applications  requiring  long  term  reliability  or 
for  service  in  harsh  environments. 

EXPERI.MENTAL 

For  our  experiments,  we  obtained  several  kilometers  each 
of  a  hermetic  and  a  non-hermetic  coated  fiber  from  a 
major  manufacturer  of  optical  fibers.  Both  fibers  contained 
a  nominal  125  p-m  diameter  fused  silica  strand  coated  w  ith 
a  UV-cured  urethane  acrylate  coating  to  an  overall 
diameter  of  250  p,m.  However,  before  the  polymer  coating 
was  applied  to  the  hermetic  fiber,  an  amorphous  carbon 
coating  about  300-500  A  thick  was  applied  by  a  chemical 
vapor  deposition  process. 

The  principal  objective  of  our  program  was  to  determine 
the  effectiveness  of  the  hermetic  coating  in  preventing 
moisture  from  causing  accelerated  crack  growth.  We 

conducted  dynamic  fatigue  experiments  on  the  two  fibers  in 
the  a.s-received  condition  in  water  at  temperatures  of  23,  40, 
60,  80,  and  S5°C.  In  addition  to  testing  as-received  fibers, 
we  tested  fibers  that  we  had  aged  in  water  at  temperatures 
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of  40,  60,  80,  and  85°C.  For  aging,  long  lengths  of  each 
fiber  were  loosely  wound  on  12  inch  diameter  glass  spools 
which  were  then  immersed  into  a  glass  tank  filled  with 
deioni2ed  water  buffered  at  pH  7  and  held  at  the  aging 
temperature  with  a  recirculating  heater.  The  ends  of  the 
individual  fiber  strands  remained  outside  the  tank  to 
prevent  water  from  entering.  Aged  fibers  were  removed 
from  the  aging  tanks  for  dynamic  fatigue  testing  after 
periods  of  1,  7,  30,  84,  and  182  days. 

The  dynamic  fatigue  tests  were  carried  out  using  a  two- 
point  bending  apparatus*^  coasisting  of  two  parallel  platens, 
one  fixed  and  one  driven  by  a  computer  controlled  servo 
motor,  between  which  a  fiber  loop  is  bent  until  it  breaks.  A 
piezoelectric  traasducer  attached  to  the  fixed  platen  detects 
the  fiber  break  and  signals  the  computer  to  stop  the  motion 
of  the  moving  platen.  The  stress  at  failure  is  calculated 
from  the  platen  separation  at  failure,  the  fiber  dimeasioas, 
and  the  elastic  modulus  of  the  glass.  Bending  tests  were 
conducted  at  a  range  of  stress  rates  (8.7,  0.87,  0.087,  and 
0.0087  ksi/sec)  so  that  the  dynamic  fatigue  behavior  of  the 
fibers  could  be  characterized.  For  each  condition  of 
temperature  and  stress  rate,  we  tested  31  unaged  samples 
for  dynamic  fatigue.  After  aging,  dynamic  fatigue  tests  of 
21  samples  from  each  aging  condition  and  each  stress  rate 
were  conducted  in  water  at  23°C. 

In  addition  to  the  dynamic  bending  tests,  the  as-received 
fibers  were  tested  in  a  static  bending  test.  This  test  uses 
two  parallel  aluminum  plates  with  30  machined  mating 
grooves.  Individual  fiber  loops  are  placed  into  each  groove 
between  the  two  plates  which  are  separated  by  a  spacer 
with  a  thickness  chosen  such  that  a  specified  stress  is  placed 
upon  the  fiber  loops.  A  series  of  such  tests  were  made  with 
spacers  producing  stresses  ranging  from  450  ksi  to  520  ksi. 
Each  bending  fixture  with  its  30  specimens  was  immersed  in 
a  glass  tank  filled  with  deionized  water  buffered  at  pH  7 
and  maintained  at  a  constant  temperature  of  40,  60,  80,  or 
85  °C  using  a  recirculating  heater.  Fiber  breaks  were 
detected  by  a  piezoelectric  transducer  mounted  on  the  side 
of  the  tank  and  recorded  by  a  computer  so  that  the  time 
history  of  fiber  breaks  could  be  analyzed. 

An  atomic  force  microscope  (AFM)  was  used  to  examine 
the  surfaces  of  the  as-received  and  aged  fibers.  The 
polymer  coating  on  the  fiber  was  removed  before  the 
examination  by  dipping  the  fiber  into  hot  (200'’C)  H,SO^ 
and  rinsing  in  deionized  water. 

RESULTS  AND  DlSCUSSIQi^ 

The  dynamic  bending  strengths  of  the  hermetic  and  the 
non-hermetic  fibers  plotted  as  a  straight  line  on  Weibult 
coordinate  axes  (Figure  1).  This  indicates  that  the  failure 
distribution  can  be  approximated  by  a  Weibull  cumulative 
probability  distribution  of  the  form: 


where  F  is  the  cumulative  probability  of  failure  at  a  stress 
less  than  or  equal  to  a  and  is  the  median  strength.  ITie 


parameter  m  is  the  slope  of  the  curve  on  Weibull  axes  and 
provides  a  measure  of  the  breadth  of  the  strength 
distribution,  with  large  values  of  m  as.sociated  with  narrow 
distributions.  The  relative  breadth  of  the  strength 
distribution  can  be  calculated  from  this  equation  as: 


where  ago,  aso,  and  aio  are  the  90th,  50th  and  10th 
percentile  strength  values  re.spectively. 

As  shown  in  Figure  1,  the  strength  data  fit  a  Weibull 
distribution  very  well.  The  median  strengths,  Weibull 
distribution  parameters  m,  and  the  breadths  of  the  strength 
distributions,  (aQo-ojo)  for  the  unaged  fibers  are 
summarized  in  Table  1  and  for  the  fibers  aged  in  water  for 
1  month  in  Table  2.  In  general,  the  unaged  hermetic  fiber 
is  about  100  ksi  weal  -r  than  the  unaged  non-herrnetic  fiber 
and  it  exhibits  a  slightly  .  'er  distribution  of  strength.  In 
both  ca.ses  there  is  a  relatively  small  decrease  in  strength  as 
the  testing  temperature  is  increased.  The  hermetic  fiber 
aged  for  1  month  (and  tested  at  23°C)  shows  a  similarly 
small  decrease  in  strength  with  aging  temperature. 

However,  the  aged  non-hermetic  fiber  showed  a  large 
decrease  in  strength  with  increases  in  aging  temperature 
with  the  strength  decreasing  below  that  of  the  hermetic 
fiber  at  an  aging  temperature  between  60  and  80°C.  The 
breadth  of  the  aged  non-hermetic  fiber  strength  distribution 
is  still  somewhat  smaller  than  that  of  the  hermetic  fiber. 

These  strength  results  are  coasistent  with  the  surface 
roughness  of  the  hermetic  and  non-hermetic  fiber  as 
measured  with  the  atomic  force  microscope.  Surface 
profiles  from  the  unaged  fibers  are  shown  in  Figure  2;  note 
that  the  vertical  scale  is  twice  as  sensitive  for  the  non- 
hermetic  fiber.  The  surface  of  the  hermetic  fiber  is  rougher 
than  that  of  the  non-hermetic  fiber,  coasistent  with  the 
lower  initial  strength  of  the  hermetic  fiber.  However,  as 
shown  in  Figure  3,  the  surface  of  the  aged,  non-hermetic 
fiber  is  rougher  than  that  of  the  aged  hermetic  fiber,  which 
again  is  consistent  with  the  strength  results.  These 
qualitative  observatioas  on  the  relative  surface  roughnesses 
can  be  put  on  a  more  quantitative  basis  by  coasidering  the 
maximum  value  of  roughness  height  obtained  from  the 
AFM: 


Fiber  Roughness 

Height  (nm) 

Unaged,  non-hermetic  1.8 

Aged,  non-hermetic  16.1 

Unaged,  hermetic  5.2 

Aged,  hermetic  10.9 


The  bending  dynamic  fatigue  results  for  the  unaged  fibers 
are  shown  in  Figure  4  where  the  median  strength  values  for 
each  fiber  are  plotted  as  a  function  of  stress  rate.  If  it  is 
assumed  that  the  rate  of  growth  of  flaws  in  the  presence  of 
stress  depends  upon  the  stress  intensity  factor  at  the  tip  of 
the  flaws  raised  to  a  power  u.  then  it  can  be  shown' '  that 
the  failure  stress  is  related  to  the  rate  of  stressing  6  by 


International  Wire  &  Cable  Symposium  Proceedings  1991  687 


a  =  Ba 

In  the  above  equations,  B  and  nj  are  constants.  The 
parameter  is  known  as  the  dynamic  crack  growth 
exponent  or  stress  corrosion  susceptibility  constant;  the 
larger  the  value  of  tij,  the  more  resistant  is  the  fiber  to 
crack  growth.  Values  of  were  obtained  by  fitting  the 
above  equation  to  the  stress  versus  stress  rate  data;  the 
values  of  for  the  unaged  fibers  are: 

Test 

Temperature  Hermetic  Non-hermetic 
"C 

23  255  21.0 

40  245  20.7 

60  180  19.5 

80  135  17.8 

85  120  16.5 

Both  fibers  showed  a  significant  increase  in  stress  corrosion 
susceptibility  as  measured  by  decreasing  values  of  with 
increasing  temperatures.  A  similar  trend  was  noted  by 
Duncan  et  al  who  explained  the  decrease  using  a  reaction 
rate  model  for  corrosive  attack  of  glass  by  water.  The 
decrease  in  nj  for  the  hermetic  coating  is  particularly  large 
although  the  absolute  value  still  is  much  greater  than  that 
of  the  non-hermetic  fiber. 

The  values  of  and  the  median  bending  strength  for  the 
hermetic  fiber  after  aging  for  periods  up  to  182  days  in 
water  at  temperatures  of  40,  60,  80  and  85‘’C  are  listed  in 
Tables  3  and  4  respectively.  The  median  strengths  showed 
small  decreases  with  increasing  aging  temperature  and 
increasing  aging  time.  Unlike  the  results  for  different  test 
temperatures,  the  values  of  for  the  aged  fiber  showed 
significant  decreases  only  for  aging  temperatures  of  80°C 
and  above.  Comparison  of  the  effect  of  aging  temperature 
and  testing  temperature  on  nj  indicates  that  stress 
accelerates  the  process  producing  the  decrease  in  nj.  This 
suggests  that  the  relatively  large  changes  in  nj  observed  in 
the  short  time  tests  at  elevated  testing  temperatures  may 
result  from  stress  enhanced  diffusion  of  moisture  through 
the  hermetic  coating. 

The  bending  static  fatigue  results  for  unaged  hermetic  and 
non-hermetic  fibers  are  shown  in  Figure  5.  If  it  is  assumed 
that  the  initial  strength  of  the  fiber  fits  a  Weibull 
distribution  and  if  the  power  law  dependence  for  crack 
growth  rate  is  assumed,  it  can  be  shown^^  that  the  median 
time-to-failure,  tf,  at  constant  stress,  a,  is  given  by; 

tf  =  Cct""' 

where  C  is  a  parameter  independent  of  both  a  and  tf  and 
Wj  is  the  static  crack  growth  exponent.  The  values  of  and 
rid  theoretically  should  be  the  same  but  differences  are 
usually  observed  which  arise  from  the  differences  in  static 
and  dynamic  testing  procedures.  Values  of  were 
obtained  by  fitting  this  equation  to  the  time-to-failure 
versus  applied  stress  data,  which  should  plot  as  a  straight 
line  on  log-log  coordinates.  As  seen  in  Figure  5.  the  data 


for  the  non-hermetic  fiber  can  best  be  fit  by  two  straight 
lines.  This  so-called  knee  or  transition  in  the  static  fatigue 
data  has  been  observed  by  several  workers^'*.  The  values  of 
obtained  from  these  data  are: 


Test 

Temperature 

°C 

Hermetic 

Non-hermetic 

40 

- 

12.3,  22.5 

60 

235 

10.4,  20.3 

80 

210 

8.7,  19.0 

85 

195 

7.9,  18.9 

In  this  table,  the  two  values  of  n,  listed  for  the  non- 
hennetic  fiber  are  for  the  low  stress  and  high  stress  regions 
respectively.  Note  the  Wj  decreases  with  test  temperature 
as  was  observed  for  rid. 

As  noted  above  the  hermetic  fiber  has  a  much  larger  value 
of  n  and  a  somewhat  smaller  value  of  strength  than  the 
non-hermetic  fiber.  The  former  decreases  the  rate  of  crack 
growth;  the  latter  increases  it.  The  net  effect  of 
simultaneous  variations  in  strength  and  n  on  crack  growth 
can  be  estimated  by  considering  a  more  general  form  of  the 
equation  for  time-to-failure  in  static  fatigue*^  than  that 
used  above: 


Ko 


K, 


5{'>  -  2) 


(«  -  2)  a," 


where  Ko,  K^,  A  are  constants  for  a  given  glass  and  are 
independent  of  n,  5  is  the  strength,  a  is  the  applied  stress 
and  n  is  the  crack  growth  exponent.  The  ratio  of  the  time 
to  failure  at  a  stress,  o-  for  two  fibers  of  differing  strengths, 
S,  and  n  is  given  by: 


£i_  _ 

\Ko] 

(n,  -  /12) 

-  21 

An  2  “ 

a  0 1 

ti 

-  2] 

-  2) 

Letting  subscript  1  refer  to  a  hermetic  fiber  and  subscript  2 
refer  to  a  non-hermetic  fiber,  the  following  parameters  are 
considered; 


Parameter  Hermetic  Non-hermetic 


n  200  20 

S,  ksi  600  700 

(T,  ksi  50  50 

Using  values  of /C„  =  0.371  ksi  (in)'*,  =  0.72  ksi  (in)'*^^. 

the  ratio  of  t/j^oneiic  ^non  —  henuetk  is  — 10  !  Clearly,  the 

large  value  of  n  for  hermetic  fibers  far  outweighs  the 
relatively  small  decrease  in  their  strength  relative  to  non- 
hermetic  fibers. 


CONCLUSIONS 

The  mechanical  behavior  of  a  commercially  available 
hermetic  fiber,  which  has  an  amorphous  carbon  film 
between  the  glass  surface  and  the  polymer  coating,  has 
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been  compared  to  the  behavior  of  a  conventional  polymer 
coated  fiber.  This  comparison  indicated: 

1.  The  bending  strength  data  for  both  fibers  could  be  fit 
well  by  a  Weibull  distribution.  The  Weibull  slope 
parameter,  m,  of  the  hermetic  fiber  was  somewhat 
smaller  than  that  of  the  non-hermetic  fiber  indicating 
that  the  hermetic  fiber  had  a  slightly  broader 
distribution. 

2.  The  median  strength  of  the  unaged  hermetic  fiber  was 
about  100  ksi  less  than  that  of  the  non-hermetic  fiber. 
However,  the  hermetic  fiber  is  much  less  susceptible 
to  strength  losses  following  aging  in  water  at 
temperatures  up  to  60°C  than  the  non-hermetic  coated 
fiber. 

3.  The  atomic  force  microscope  was  used  to  show  that 
the  height  of  fiber  surface  roughness  correlated  with 
strength,  low  strengths  being  associated  with  rougher 
surfaces. 

4.  The  hermetic  fiber  has  a  significantly  larger  crack 
growth  exponent,  n,  as  determined  by  both  dynamic 
and  static  fatigue  than  the  non-hermetic  fiber.  Aging 
in  water  caused  decreases  in  the  value  of  n  for  both 
fibers  but  the  value  of  n  for  the  hermetic  fiber 
remained  significantly  above  that  for  even  the  unaged 
non-hermetic  fiber. 

5.  For  a  given  value  of  applied  stress,  the  large  value  of  n 
for  the  hermetic  fiber  results  in  much  slower  crack 
growth  than  with  a  non-hermetic  fiber  even  though  the 
strength  of  the  hermetic  fiber  is  somewhat  lower  than 
the  non-hermetic  fiber.  Thus,  hermetic  fibers  should 
have  higher  mechanical  reliability  for  a  given 
application  than  non-hermetic  fibers. 
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Figure  1  -  Bending  Strength  Distribution  for  Unaged  Fibers 
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Table  1  -  I^namic  Bending  Strength  of  Unaged  Fibers  (1) 


Test 

Hermetic 

Non-Hermetic 

Temperature 

<^50 

m  CT90 

“  «rio 

*^50 

m 

•^90  “  <^10 

°C 

ksi 

ksi 

ksi 

ksi 

23 

618 

54 

35 

729 

77 

29 

40 

616 

57 

33 

726 

72 

31 

60 

606 

48 

39 

721 

66 

34 

80 

597 

40 

46 

702 

61 

35 

85 

591 

31 

58 

688 

53 

40 

( 1)  All  fibers  tested  at  0.87  ksi/sec. 


Table  2  -  Dynamic  Bending  Strength  of  Fibers  Aged  1  Month  (1) 


Aging 

Hermetic 

Non-Hermetic 

Temperature 

m  ago 

~  <rio 

*^50 

m 

«r90  “  “"lo 

”C 

ksi 

ksi 

ksi 

ksi 

40 

610 

53 

35 

707 

51 

36 

60 

606 

46 

40 

668 

52 

39 

80 

603 

48 

38 

526 

49 

33 

85 

595 

36 

51 

460 

42 

34 

(1)  All  fibers  tested  in  23°C  water  at  0.87  ksi/sec. 


Figure  2  -  Surface  roughness  of  unaged  fibers 
measured  by  atomic  force  microscopy. 
Upper  figure  is  hermetic  fiber; 
lower  figure  is  non-hermetic  fiber. 


Figure  3  -  Surface  roughness  of  aged  fibers 
measured  by  atomic  force  microscopy. 
Fibers  aged  for  85  days  in  85'’C  water. 
Upper  figure  is  hermetic  fiber; 
lower  figure  is  non-hermetic  fiber. 
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Strength,  ksi 


Figure  4-  Dynamic  Fatigue  Strength  in  Bending  of  Unaged  Fibers 


Table  3  -  nj  for  Aged  Hermetic  Fibers  (1) 
Aging  Aging  Temperature  (°C) 


Time  (days) 

40 

£f\ 

80 

85 

1 

225 

220 

195 

190 

7 

210 

200 

195 

175 

30 

215 

210 

175 

140 

85 

215 

200 

160 

130 

182 

210 

200 

145 

115 

(1)  All  samples  tested  in  23'’C  water. 

Table  4  -  Median  Dynamic  Strength  (ksi)  for  Aged  Hermetic  Fibers  (1) 


Aging 

Aging  Temperature  (°C) 

Time  (days) 

40 

60 

80 

85 

1 

618 

616 

611 

605 

7 

615 

616 

609 

606 

30 

610 

606 

603 

595 

85 

606 

597 

591 

586 

182 

615 

616 

609 

586 

(1)  All  samples  tested  in  23°C  water  at  0,87  ksi/sec. 
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Figure  5  -  Static  Fatigue  in  Bending  of  Unaged  Fibers 
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ABSTRACT 

The  majority  of  optical  fibers  used  in  telecommunications 
applications  are  coated  to  a  diameter  of  250  pm  with  a  UV- 
cured  urethane  acrylate  protective  coating.  For  applications 
where  more  handling  and  craft  activity  are  expected,  it  is 
desirable  to  apply  an  additional  buffer  coating  (or  coatings)  to 
increase  the  outer  diameter  to  900  |im.  As  these  fibers  are 
increasingly  deployed  in  the  loop  plant  and  on  customer 
premises,  they  are  likely  to  be  exposed  to  a  wide  variety  of 
harsh  environments.  The  effects  of  high  humidity  and 
temperature  and  of  several  common  chemicals  on  the 
mechanical  and  optical  properties  of  900  pm  buffered  fibers 
are  the  subject  of  this  paper.  We  show  that  the  effects  of  these 
environments  on  the  characteristics  of  the  fibers  vary 
according  to  the  type  of  buffer  coating  material. 


1.  INTRODUCTION 

As  fiber  penetrates  further  into  the  loop  or  distribution  portion 
of  the  network,  its  deployment  will  be  marked  by  distinct 
differences  from  that  of  the  interoffice  and  feeder  portions  of 
the  network.  Thete  will  be  an  increase  in  the  number  of  cable 
sheath  openings  and  increased  craft  activity  at  these  sheath 
openings.  Post  mortem  analyses  performed  by  Bellcore  show 
that  the  majority  of  problems  occur,  not  along  the  continuous 
spans  of  cable  runs  that  constitute  approximately  98%  of  the 
deployed  fiber,  but  rather  at  the  sheath  openings  and  splice  or 
terminating  points  which  constitute  the  remaining  2%  [  1 ).  We 
know  that  the  composite  structure  of  an  optical  cable  protects 
the  fibers  from  outside  plant  (OSP)  environments,  but  when 
this  protective  sheath  is  penetrated  and  the  fibers  in  the  cable 
are  exposed,  significant  adverse  effects  on  fiber  reliability  can 
be  expected.  Consequently,  we  concentrate  our  efforts  on  the 
behavior  of  optical  fibers  at  these  sheath  openings  in  the  OSP. 

One  question  that  is  central  to  this  issue  concerns  the  use  of 
900  )im  outside  diameter  (OD)  “buffered  fiber”  versus  250  pm 
OD  “protective  coated”  fiber.  Bellcore’s  Generic  Requirements 
permit  the  use  of  900  pm  fiber  in  indoor  applications  [2]  and 
buried  service  drop  cable  [3];  however,  it  is  not  recommended 
for  general  purpose  distribution  cables  [41.  The  question 
arises  as  to  whether  buffered  fiber  should  be  recommended  for 
OSP  applications  such  as  in  the  “last  mile'  ”.  On  the  one 
hand,  it  might  be  expected  that  the  buffered  fiber  would  be 
preferred  for  loop  applications,  since  increased  handling  is 
expected  and  900  pm  buffered  fiber  appears  to  be  better 
suited,  in  general,  for  craft  activity.  With  its  larger  OD,  it  feels 

The  segment  ot  the  loop  network  referred  to  as  the  "last  mile" 
extends  from  the  Remote  Feeder  Termination  (remote  terminal  )  to  a 
Service  Access  Point  (pedestal)  near  the  house  where  the  service 
cable  is  connected  and  extended  to  the  subscriber  premises. 


more  rugged  to  craft  personnel  than  “delicate”  250  pm  fiber  - 
possibly  because  the  900  pm  OD  is  comparable  to  a  24  gauge 
wire.  On  the  other  hand,  the  larger  OD  is  a  negative  factor  for 
higher  fiber  count  cables.  For  fiber  counts  above  72,  the  OD 
of  cables  using  900  pm  fiber  becomes  prohibitively  large. 
There  is  some  sentiment  that  for  inside  plant  (ISP) 
applications,  900  pm  fiber  is  warranted,  since  the  construction 
of  ISP  cables  is  not  as  rugged  as  OSP  cable  and  the  extra 
protection  of  9(X)  pm  buffering  is  necessary. 

To  address  these  concerns,  a  reliability  study  of  900  pm 
buffered  fibers  for  OSP  use  was  initiated,  the  first  results  of 
which  are  reported  in  this  paper.  Parameters  such  as  fiber 
strength,  coating  scrippability,  and  buffer  coating  degradation 
were  tracked  and  correlated  after  commercially  available 
products  were  exposed  to  accelerated  aging  environments. 
Ultimately,  the  handleability  or  robustness  that  is  actually 
needed  for  loop  applications  will  be  quantified  and  used  to 
assess  the  reliability  issues  affecting  both  250  pm  and  900  pm 
fiber  in  OSP  applications. 


2.  TYPES  OF  900  am  FIBERS 

900  pm  buffer  coated  fiber  can  be  manufactured  in  either  “tight 
buffered”  or  “loose  buffered”  constructions.  These  represent 
the  different  strippability  requirements  that  may  be  applicable 
to  buffer  coating  depending  upon  the  performance  desired.  A 
“tight  buffered”  900  pm  jacket  is  tightly  coupled  to  the 
underlying  coating  layers.  The  product  is  typically 
manufactured  by  extruding  a  thermoplastic  elastomer  (e.g., 

Hytrel®),  polyvinylchloride  (PVC),  or  nylon  jacket  over  a  250 
to  500  pm  diameter  acrylate-coated  fiber  supplied  by  a  fiber 
manufacturer.  When  this  coating  is  mechanically  stripped,  it 
generally  exposes  the  125  pm-diameter  glass  in  a  single 
stripping  operation.  This  is  an  advantage  because  it  requires 
one  less  stripping  operation  than  the  “separately  strippable” 
buffer  coating  described  below.  Tight  buffered  fiber  is  also 
often  preferred  by  connector/cable  assembly  manufacturers, 
since  the  tight  buffering  gives  the  manufacturer  something 
tangible  to  attach  to  in  order  to  provide  strain  relief  at  the 
connector,  thus  reducing  coating  shrinkback  or  “pistoning”; 
consequently,  telephone  company  personnel  may  encounter 
this  type  of  product  when  they  make  their  own  pigtails  by 
cutting  jumper  cords  in  half.  However,  tight  buffered  fiber  is 
generally  perceived  to  be  very  hard  to  strip  and  often  requires 
users  to  “nibble”  away  at  it  in  0.5-inch  lengths.  This  increases 
the  risk  of  damaging  the  fiber  surface,  both  through  the 
repeated  cutting  operations  and  through  scraping  off  the  cut 
lengths  over  the  exposed  glass. 

In  con&ast,  a  “loose  buffered”  or  “separately  strippable” 
construction  is  characterized  by  a  loose  coupling  between  the 
buffer  coating  and  the  underlving  coating  layers.  Mechanical 
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stripping  of  the  900  iun  coating  exposes  the  250  pm  protective 
coating,  which  can  then  be  stripped  in  a  conventional  way  with 
a  second  stripping  operation  and'or  tool.  This  product  is  often 
perceived  to  be  more  craft  friendly,  even  though  it  requires  two 
stripping  operations,  because  the  900  pm  buffering  is  removed 
easily.  Sometimes  lengths  as  long  as  a  few  inches  can  be 
removed  in  a  single  stripping  operation  because  the  buffer 
coating  is  not  mechanically  bound  to  the  250  pm  protective 
coating. 

One  fiber  manufacturer  provides  a  500  pm  acrylate  coating  to 
reduce  the  microbendiiig-i.'.Juced  loss  due  to  the  900  pm 
jacketing  process.  One  of  our  test  fibers  (fiber  C)  used  this 
500  pm  fiber  in  its  construction. 


■5.  MFOHANICAI,  PROPERTIES  OF  OPTIC.XL 
FIRF.RS 

Desirable  mechanical  properties  of  optical  fibers  include  high 
strength,  small  strength  variability,  high  fatigue  resistance  and 
high  aging  resistance.  With  improvements  in  preform  quality 
and  drawing  environment,  long-length,  high-strength  optical 
fibers  are  being  produced  routinely  15|.  Such  fibers,  with 
strengths  in  the  range  of  5.5  GPa  (80(1,000  psi)  in  short  gage 
lengths  (less  than  1  meter),  are  usually  characterized  by  a 
narrow,  unimodal  strength  distribution.  The  common  DV- 
cured  polymer  coatings  provide  adequate  fatigue  resistance,  as 
described”  by  a  fatigue  parameter  in  the  range  of  20-30,  in  a 
benign  environment. 

However,  since  aging  in  adverse  environments  can  severely 
degrade  fiber  strength  and  modify  its  fatigue  resistance  f6-l  1 1, 
the  long-tenn  reliability  of  optical  fibers  may  be  affected. 
Some  chemical  species,  especially  water,  are  known  to  have 
very  detrimental  effects  on  the  mechanical  behavior  of  optical 
fibers.  This  effect  is  manifested  in  different  ways  depending 
on  the  stress  state  of  the  optical  fiber  sample  under 
investigation:  (1)  time  delayed  failure  mechanisms  such  as 
static  or  dynamic  fatigue,  and  (2)  zero-stress  aftin^.  Static 
fatigue  is  the  time-dependent  failure  of  glass,  in  a  given 
environment,  under  a  constant  stress  that  is  less  than  the 
instantaneous  fracture  strength.  Dynamic  fatigue  is  the  time- 
dependent  failure  of  glass,  in  a  given  environment,  under  a 
constant  stressing  rate  resulting  in  a  fracture  strength  that  is 
less  than  the  strength  in  an  inert  environment. 

The  topic  of  fiber  aging  under  low  or  zero  stress  is  still  a 
controversial  issue.  The  effect  of  low-  or  zero-stress  aging  on 
optical  fibers  is  of  considerable  importance  in  cables  or  in 
splice  ca.ses  because  fibers  can  encounter  a  high  humidity  or 
chemical  environment  that  can  degrade  their  strength.  These 
aged  fibers  may  be  stressed  later  during  routine  maintenance  or 
other  repair  work.  The  effect  of  aging  on  the  mechanical 
reliability  of  optical  fiber  is  therefore  an  important 
consideration  in  any  system  design. 


4.  FXPF.RIMENTAL  PROCFnHRE 

The  objective  of  this  study  was  to  determine  the  long-term 
mechanical  reliability  of  900  pm  buffered  optical  fibers  in 
anticipated  telecommunication  service  environments. 
Accordingly,  we  obtained  several  kilometers  of  commercially 
available  fibers  from  four  different  suppliers;  the  fibers  were 
designated  A  through  D.  Each  fiber  had  a  nominal  glass 
diameter  of  125  +  2  pm  coated  with  primary/secondary 
coatings  (L'V-curablc  urethane  ticryl.iles,  or  silicoiics;  to  2.50  ± 


15  pm  or  500  ±  15  pm,  followed  by  an  extruded  hard  buffer 
(Hytrel,  PVC  or  nylon)  to  900  ±  15  pm.  Sample  A  used  in 
our  testing  is  composed  of  a  conventional  250  pm  fiber 
jacketed  to  900  pm  with  PVC.  Sample  B  is  composed  of  a 
conventional  250  pm  fiber  covered  by  a  400  pm  silicone- 
based  soft  layer  and  jacketed  to  900  pm  with  nylon.  Sample  C 
is  composed  of  the  new  500  pm  acrylate  coated  fiber  jacketed 
to  900  pm  with  Hytrel.  Sample  D  is  similar  to  sample  A 
except  it  is  made  by  a  different  manufacturer.  While  50/125 
multimode  has  been  reported  to  be  more  sensitive  to 
microbending  loss  [12|,  single-mode  fiber  was  used 
exclusively  for  this  study  since  it  is  more  widely  deployed  in 
telecommunication  applications.  We  also  tested  a  fiber 
consisting  of  a  nominal  125  pm  diameter  fused  silica  strand 
coated  with  a  UV-cured  urethane  acrylate  coating  to  an  overall 
diameter  of  250  pm.  Designated  as  fiber  E,  it  is  the  same  as 
fiber  A  but  without  the  PVC  jacket. 

The  mechanical  properties  of  the  five  fibers  were  detemiined 
as  received  and  after  aging  in  various  environments  as  given  in 
Table  1. 


Table  1  -  Exposure  Environments 

1 .  household  cleaning  solution  at  room  temperature,  23°  C 
[aqueous  ammonia  solution.  ~3.5'T  ammonia  by  weight] 

2 .  Bleach  at  room  temperature.  23°  C 

(aqueous  solution  of  5.25%  sodium  hypochlorite) 

3.  Gasoline  at  room  temperature,  23°  C 
(regular,  unleaded] 

4.  WD-40  at  room  temperature.  23°  C 
[household  spray  lubricant] 

5 .  High  temperature  and  humidity,  83  °C,  94  %  RH 


The  center  sections  of  2m  long  samples  from  each  of  the  five 
fibers  were  loosely  placed  into  open  containers  containing 
household  cleaning  liquid,  bleach,  gasoline  and  WD-40  and 
also  into  an  environmental  chamber  where  the  temperature  and 
humidity  were  kept  constant  (85°  ±1°  C  and  94  ±  4  91  RH). 
The  ends  of  the  samples  remained  outside  the  containers.  At 
intervals  of  1  day,  1  week,  1  month,  and  6  months,  a 
minimum  of  31  samples  from  each  supplier  were  removed 
from  the  aging  solution  and  tested.  Strength  testing  was 
carried  out  by  tension  (strain  rate:  10%/min,  gage  length:  0.5 
m  )  with  a  .screw-driven  universal  tensile  testing  machine  in  a 
laboratory  ambient  environment  of  23°  C  and  relative  humidity 
of  509F.  Samples  were  gripped  on  0.1  m  diameter  capstans 
covered  with  a  soft  elastomeric  slecse.  Masking  tape  was 
used  to  secure  the  ends  of  the  fiber  to  the  capstans. 

In  addition,  the  stripping  force  required  to  remove  the  coating 
was  measured  using  a  commercial  stripping  tool  mounted  in  a 
screw  driven  universal  tensile  testing  machine.  The  gage 
length  of  the  stripping  test  samples  was  1.5  cm  and  the 
stripping  rate  was  2.5  cm/min.  The  stripping  force  was 
measured  for  fibers  in  the  as-received  condition  and  after 
exposure  to  the  environments  given  in  Table  1  at  intervals  of  1 
day,  1  week,  1  month  and  6  months.  Also,  samples  of  each 
fiber  were  examined  in  detail  both  as  received  and  after  each  of 
the  aging  periods.  Physical,  mechanical,  and  chemical 
ch.anges  in  the  buffer  coatings  were  recorded. 
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Median  Strength,  ksi 


Finally,  attenuation  measurements  were  made  on  two  of  the 
buffered  fibers  (fibers  B  and  C)  in  an  85°  C  and  95%  relative 
humidity  environment  at  a  wavelength  of  1550  nm. 
Approximately  one  kilometer  long  fibers  were  wound  loosely 
about  glass  mandrels  0.3  m  in  diameter,  and  these  fibers  were 
placed  in  an  environmental  chamber  and  fusion  spliced  to  the 
fibers  leading  to  the  test  equipment.  Consisting  of  a  1550  nm 
laser  source,  wide-area  detector,  optical  switch,  lock-in 
amplifier  and  a  computer  controller,  the  equipment  was  located 
in  a  nearby  laboratory  which  was  linked  to  the  environmental 
chamber  by  a  short  length  of  optical  cable.  Baseline  readings 
were  obtained,  after  which  the  chamber  was  heated  to  85°  C 
for  seven  days  with  uncontrolled  humidity.  Heat  was  applied 
to  the  fibers  before  the  humidity  was  raised  to  determine  the 
effects  of  high  heat  on  the  fiber  alone.  After  the  seventh  day, 
humidity  was  increased,  and  measurements  were  taken  daily 
to  determine  the  attenuation  change  of  the  buffered  fibers. 


■S.  RF.SIJITS  AND  DISCIISSION 

Stress-Free  Agirtf 

The  median  strengths  of  the  fibers  both  initially  and  after 
stress-free  aging  are  plotted  in  Figures  1  through  5.  Fiber  B 
appears  to  be  designed  to  meet  the  “separately  strippable” 
construction  described  above;  this  created  serious  experimental 
difficulties  in  measuring  the  fiber  strength,  so  no  values  are 
plotted  for  this  fiber.  Cleaning  liquid  (Figure  1)  had  the 
largest  effect  on  the  strength,  followed  by  bleach  (Figure  2) 
and  high  humidity  and  temperature  (Figure  5).  The  strength 
reductions  experienced  by  fibers  A,  C,  and  D  arc  comparable 
after  six  months  of  aging  in  cleaning  liquid  and  bleach;  this 
agrees  with  earlier  studies  on  250  pm  coated  fibers  [11-12]. 
The  rate  of  decrease  in  strength  during  aging  in  the  high 
humidity  and  temperature  environment  is  dependent  upon  the 
buffer  coating  [13-15];  this  is  particularly  evident  in 
comparing  the  behavior  of  fibers  C  and  D  in  Figure  5. 

The  model  of  Michalske  and  Freiman  [16]  for  stress  corrosion 
in  glass  is  based  on  an  interaction  between  chemical  species  in 
the  environment  and  strained  bonds  at  the  crack  tip  resulting  in 
scission  of  the  Si-0  bonds.  The  model  places  two 
requirements  on  stress  corrosion  agents.  First,  the  molecule 
must  have  both  an  electron  and  a  proton  donor  site.  Second, 
the  molecule  must  be  small  enough  to  rapidly  diffuse  to  the 
crack  tip.  Water  and  ammonia  were  shown  by  Michalske  to 
meet  this  requirement.  Household  bleach  consists  of  a 
solution  of  sodium  hypochlorite.  It  is  suggested  that 


hypochlorous  acid  meets  the  Michalske  requirements  and  is 
the  stress  corroding  agent  responsible  for  the  effect  observed 
on  the  strength.  Relatively  small  effects  were  observed  for 
aging  in  gasoline  and  WD-40.  This  is  consistent  with  the 
Michalske  model  since  these  two  chemicals  contain  primarily 
ku-ger  molecules. 
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Figure  2  -  Effect  of  Stress-Free  Aging  in  Bleach  on  Fiber 
Strength 
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Figure  3  -  Effect  of  Stress-Free  Aging  in  Gasoline  on  Fiber 
Strength 
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Figure  1  -  Effect  of  Su-css-Frcc  Aging  in  Cleaning  Liquid  on 
Fiber  Strength 


Figure  4  -  Effect  of  Stress-Free  Aging  WD  40  Liquid  on 
Fiber  Strength 
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Figure  5  -  Effect  of  Stress-Free  Aging  in  85°  C  &  94%  RH 
on  Fiber  Strength 

Figures  6  and  7  contrast  the  failure  stress  distributions  for 
fibers  A  and  E,  both  unaged  and  after  24  hours  in  each  of 
three  aging  conditions.  These  fibers  differ  only  in  the  PVC 
buffer  coating  that  was  applied  to  fiber  A.  Note  that  in  all 
cases  fiber  A  has  a  higher  median  strength,  although  only 
marginally  so  after  aging  in  cleaning  liquid.  In  this  latter  case, 
the  stren^h  distribution  is  particularly  broad  for  fiber  A  due  a 
number  of  lower-strength  test  samples,  which  suggests  that 
this  PVC  buffer  coating  may  be  particularly  susceptible  to 
penetration  by  the  cleaning  liquid,  resulting  in  a  direct  attack 
on  the  glass  surface  comparable  to  that  seen  for  unbuffered 
fiber  E. 

Strip  Force 

The  aging  environments  used  here  had  varying  deleterious 
effects  on  the  strip  force  for  these  buffer  coatings.  Figures  8 
through  12  compare  the  strip  force  measurements  for  aged 
samples  with  those  for  the  the  as-received  fibers.  The  strip 
force  for  fiber  B  represents  the  force  required  to  strip  only  the 
buffer  coating  in  this  loose  buffered  construction.  The  most 
significant  changes  occurred  for  the  PVC  buffered  fibers  (A 
and  D)  that  were  aged  in  gasoline,  where  the  strip  force 
decreased  by  over  85%  for  both  samples  after  six  months 
(Figure  10).  The  high  humidity  and  temperature  environment 
(Figure  12)  and,  to  a  lesser  degree,  the  cleaning  liquid  (Figure 
8)  also  lowered  the  mean  strip  force  for  these  two  PVC- 
buffered  fibers.  Since  the  initial  strip  force  for  fiber  D  exceeds 
the  maximum  3  lb  force  currently  specified  in  the  Bellcore 
Generic  Requirement  [2],  these  decreases  actually  bring  it  into 
conformance  with  the  requirement. 

The  nylon  (fiber  B)  and  Hytrel  (fiber  C)  buffer  coatings 
seemed  better  able  to  withstand  the  harsh  aging  environments. 
However,  the  strip  force  for  fiber  B  actually  increased  during 
aging  in  the  bleach  solution  (Figure  9).  When  aged  in  WD- 
40,  fiber  C  also  experienced  a  substantial  increase  in  strip 
force  figure  1 1 ),  with  the  result  that  it  exceeded  the  Bellcore 
Generic  Requirement  of  3  lb  force. 

Buffer  Coating  Degradation 

During  extended  aging,  the  fluids  in  which  the  fiber  samples 
were  immersed  can  function  as  solvents  for  the  buffer  coating 
materials.  This  can  cause  leaching  or  extraction  of  material 
and  also  chemical  reactions  that  discolor  or  otherwise  degrade 
the  buffer  coatings.  Several  examples  of  such  degradation 
were  found  in  the  present  tests. 
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Figure  7  -  Effect  of  Stress-Free  Aging  in  Various 

Environments  on  Fiber  Strength  after  1  Day  Aging 


Extraction  of  material  can  cause  both  weight  loss  and  volume 
loss  of  the  buffer  coating.  This  was  most  pronounced  with 
fibers  A  and  D  (PVC  buffer  coatings)  after  aging  in  gasoline. 
Weight  losses  of  5  to  10%  were  measured  after  6  months  of 
aging,  while  the  OD  of  these  fibers  decreased  by  5-8%  in  the 
same  time  interval.  Fiber  C  (Hytrel  buffer  coating)  showed  a 
decrease  of  about  4%  in  OD,  but  actually  gained  weight  (about 
8%)  during  the  6-month  gasoline  immersion.  Fiber  B  (nylon 
buffer  coating)  was  relatively  unaffected  by  the  gasoline 
immersion,  but  did  show  about  a  3%  decrease  and  a  5% 
weight  loss  after  six  months  of  aging  in  the  high  humidity  and 
temperature  environment. 
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Figure  8  -  Effect  of  Stress-Free  Aging  in  Cleaning  Liquid  on 
Strip  force 


Figure  9  -  Effect  of  Stress-Free  Aging  in  Bleach  on  Strip 
Force 


Figure  10  -  Effect  of  Stress-Free  Aging  in  Gasoline  on  Scrip 
Force 


Figure  1 1  -  Effect  of  Stress-Free  Aging  in  WD  40  on  Strip 
Force 


Figure  12  -  Effect  of  Stress-Free  Aging  .n  85“  C,  94%  RH  on 
Strip  Force 


Fourier  Transform  Infrared  (FTIR)  spectroscopic  analysis  of 
several  aged  samples  showed  a  significant  loss  of  plasticizer 
from  both  PVC  buffer  coatings  after  aging  in  gasoline.  This  is 
consistent  with  the  losses  of  weight  and  volume  observed. 
These  observations  are  also  consistent  with  the  significant 
decrease  in  strip  force  noted  above.  The  extraction  of 
plasticizer  by  gasoline  leaves  these  buffer  coatings  as  stiff 
tubes.  Molecular  crosslinking  limits  the  circumferential 
shrinkage  of  the  buffer  coating  on  the  protective  coating  and, 
dependmg  upon  the  adhesion  between  the  coatings,  may  draw 
the  inner  coating  away  from  the  glass.  The  result  is  that  the 
entire  coating  structure  easily  strips  off 

Pronounced  color  changes  were  also  observed  in  the  PVC  and 
nylon  buffer  coatings.  After  six  months  of  aging,  the  PVC 
coatings  (A  and  D)  showed  slight  yellowing  from  exposure  to 
cleaning  liquid,  gasoline,  and  WD-40.  Both  coatings 
developed  a  chocolate  brown  color  from  exposure  to  bleach. 
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Figure  13  -  Attenuation  Change  during  85°  C,  94%  RH  Aging 


The  nylon  coating  (B),  which  started  out  a  bnght  yellow 
color,  showed  little  or  no  discoloration  from  exposure  to 
gasoline  or  WD-40;  however,  both  the  bleach  and  the  cleaning 
liquid  effectively  bleached  the  coating  to  a  very  pale  yellow, 
almost  cream,  color.  Finally,  the  Hytrel  coating  (C)  yellowed 
only  after  six  months  aging  in  gasoline;  however,  after  six 
months  in  the  bleach  it  lost  its  integrity  nearly  completely  so 
that  it  crumbled  off  the  fiber  when  touched. 

Attenuation 
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As  can  easily  be  seen  in  Figure  13,  the  humidity  had  a 
relatively  strong  effect  on  the  transmission  characteristics  of 
the  fiber  with  the  Hytrel  buffer  coating  (Fiber  C). 
Microbending  was  induced  by  the  distortion  of  the  buffer 
material  under  the  high  heat/high  humidity  conditions.  The 
effect  on  the  nylon-buffered  fiber  (Fiber  B)  was  minimal. 
This  may  be  due  to  the  soft  silicone  layer  between  the  fiber 
and  the  nylon  coating  acting  as  a  "cushion"  to  reduce  any 
microbending  effects  caused  by  a  change  in  the  dimensions  of 
the  buffer  coating.  The  microbending  loss  in  buffered  fibers 
has  not  been  detected  in  the  field  because  the  short  deployment 
lengths  have  not  impacted  the  loss  budget  of  the  system. 


6.  CONCLUSIONS 

The  mechanical  behavior  of  aged  and  unaged  900  pm  buffered 
silica  fibers  has  been  studied  both  in  a  humid  environment  and 
in  various  common  chemicals  as  a  function  of  time.  The 

buffer  coating  material  has  a  strong  effect  on  the  mechanical 
and  aging  behaviors  of  these  fibers.  In  addition  to  reductions 
in  strength  and  strip  force,  the  environments  studied  here 
caused  embrittlement,  weight  loss,  shrinkage,  and 
di.scoloration  of  the  coatings.  Nonetheless,  comparison  to  a 
typical  non-buffered  fiber  shows  that  the  buffer  coatings  do 
provide  additional  protection  against  loss  of  strength  and 
eventual  failure.  Initially,  the  high  humidity  environment 
caused  an  increase  in  attenuation  in  the  fiber  with  Hytrel  buffer 
coating;  however,  the  microbending-induced  loss  dissipated  as 
the  coating  to  glass  interface  reached  a  stable  condition. 
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ABSTRACT 

Although  optical  fibers  have  moved  rapidly  from  the 
laboratory  to  widespread  deployment,  there  have  been 
relatively  few  field  failures  reported,  and  most  of  these  have 
been  due  to  external  causes  such  as  dig-ups.  Initial  concerns 
about  fiber  breakage  due  to  the  brittle  nature  of  glass  have, 
fortunately,  not  materialized.  In  this  paper,  we  examine  one 
of  the  few  field  cases  involving  fiber  breaks  that  resulted 
from  aging  of  optical  fibers  under  extreme  environmental 
conditions  for  more  than  four  years.  An  abnormally  high 
incidence  of  fiber  breakage  in  this  cable  was  reported  by  the 
craft  during  normal  installation  after  aging.  Although  there 
have  not  been  many  such  failures  reported,  mechanical 
failures  are  still  considered  a  possible  cause  of  reliability 
problems  and  continue  to  receive  considerable  attention.  In 
this  study,  we  .show  how  atomic  force  microscopy  (AFM)  can 
be  a  helpful  method  to  analyze  the  cause  of  fiber  failures. 
Such  information  can  be  very  useful  in  determining 
responsibility  for  repair  or  ref.  lacement. 


1.  INTRODUCTION 

Optical  fibers  are  being  deployed  rapidly  into  the  telephone 
plant;  by  the  end  of  1990,  there  were  almost  10  million  fiber- 
km  installed.  The  average  age  of  installed  fiber  optic  cables 
is  about  8  years  for  multimode  fibers  (12  years  maximum) 
and  4  years  for  single  mode  fibers  (8  years  maximum). 
Considering  the  rapidity  with  which  this  technology  moved 
from  the  laboratory  to  the  field  and  the  large  amount  of 
installed  cable  with  significant  exposure,  there  have  been 
relatively  few  failures  of  fiber  optic  cables.'  This  trend,  if 
continued,  bodes  well  for  the  long  term  reliability  of  this 
technology. 

Desirable  mechanical  properties  of  optical  fiber  are  high 
strength,  small  strength  variability,  high  fatigue  resistance 
and  high  aging  resistance.  With  improvements  in  preform 
quality  and  drawing  environment,  long-length,  high-strength 
optical  fibers  are  being  produced  routinely.*  Such  fibers, 
with  strengths  in  the  range  of  ~10‘  psi  in  short  gage  lengths, 
are  usually  characterized  by  narrow,  unimodal  strength 
distributions  with  large  Weibull  slope  parameters  (tn  ~50- 
100).  The  commonly  used  UV-cured  polymer  coatings 
provide  adequate  fatigue  resistance,  as  described  by  a  fatigue 
parameter  of  ~25,  in  a  benign  environment.  However,  since 


aging  in  adverse  environments  can  severely  degrade  fiber 
strength  and  modify  the  fatigue  resistance  of  optical  fibers”, 
long-term  reliability  of  optical  fibers  is  no  longer  assured. 
Some  chemical  species,  especially  water,  are  known  to  have 
detrimental  effects  on  the  mechanical  properties  of  optical 
fibers.  This  is  manifested  in  different  ways  depending  on  the 
stress  state  of  the  optical  fiber:  (1)  time  delayed  failure 
mechanisms  such  as  static  or  dynamic  fatigue,  and  (2)  zero- 
stress  aging. 

Static  fatigue  is  the  time-dependent  failure  of  glass,  in  a 
given  environment,  under  a  constant  stress  that  is  less  than 
the  instantaneous  fracture  strength.  This  delayed  fracture  is  a 
function  of  the  coating,  applied  stress,  temperature,  and 
chemical  species,  particularly  the  presence  of  water.  The 
stress-assisted  hydrolysis  of  the  silicon-oxygen  network  of 
the  glass’*  results  in  the  growth  over  time  of  microscopic 
surface  flaws  into  larger  critical  cracks.  The  development  of 
the  flaws  is  influenced  by  the  surrounding  environment.  The 
surface  reactivity  in  a  given  environment  determines  the 
fiber’s  ultimate  strength,  because  of  its  effect  on  crack  tip 
growth.  Dynamic  fatigue  is  a  time-dependent  failure  of  glass, 
in  a  given  environment  and  under  a  constant  stress  rate 
resulting  in  a  fracture  strength  that  is  less  than  the  strength  in 
an  inert  environment.  The  loss  of  strength  in  high-strength 
glass  fibers  in  the  absence  of  stress  in  some  corrosive 
environments  such  as  water  is  called  zero-stress  aging. 

The  underlying  mechanism  of  glass  failure  under  static 
fatigue  conditions  has  been  well  documented".  But,  the 
reasons  for  loss  of  strength  of  glass  fibers  under  zero-stress 
aging  is  still  a  controversial  issue.  Proposed  mechanisms 
involve  absorption  of  water  molecules  on  the  surface, 
promoting  crack  growth  during  subsequent  strength  testing", 
or  corrosive  reactions  leading  to  surface  flaws  which  can  act 
as  nuclei  for  cracks’.  The  surface  reactivity  of  silica-based 
glasses  in  different  environments  determines  the  ultimate 
strength  of  these  materials  because  of  the  effect  on  crack  tip 
growth.  The  effect  of  low  or  no  stress  aging  of  optical  fibers 
is  of  considerable  importance  in  cables  or  in  splice  cases 
because  fibers  can  encounter  high  humidity  and  high 
temperatures  (e.g.  pedestals)  or  other  chemical  species  such 
as  water  (e.g.  manholes)  which  can  degrade  the  strength. 
These  aged  fibers  may  then  be  subsequently  stressed  during 
routine  maintenance  or  other  repair  work.  TTie  effect  of  zero- 
stress  aging  on  the  mechanical  reliability  of  optical  fibers  is 
therefore  an  imponant  consideration  in  any  cable  installation. 
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Atomic  force  microscopy  (AFM)”  has  been  shown  to  be  a 
useful  technique  for  the  examination  of  surfaces  from  the 
Angstrom  to  the  micrometer  scale.  AFM  is  a  useful  method 
for  measuring  the  surface  roughness  because  this  high 
resolution  allows  the  quantitative  measurement  of  real-space 
surface  roughness.  We  have  examined  the  mechanical 
chiu'acteristics  and  surface  roughness  of  field  aged  fibers  by 
using  AFM  and  show  that  the  loss  of  strength  of  the  fibers  is 
related  to  changes  in  surface  roughness  on  the  nanometer 
scale. 


2.  FAILURE  ANALYSIS 

2.1  Background 

It  was  reported  to  Bellcore  that  a  reel  of  cable  had  been 
stored  outside  for  approximately  4  years  without  thermal 
wrap  protection.  When  a  portion  of  it  was  planned  to  be 
installed,  some  changes  to  the  cable  jacket  and  fibers  were 
noticed.  The  original  identification  markings  were  orange  on 
the  outermost  cable  layer  on  the  reel,  but  faded  to  a  very  pale 
yellow.  In  working  with  these  fibers,  an  abnormally  high 
incidence  of  fiber  breakage  occurred  under  normal  handling. 
The  cause  for  these  breaks  was  not  obvious,  and  the  reel  was 
sent  to  Bellcore  for  analysis. 

2.2  Test  Samples 

The  cable  was  shipped  on  a  sturdy  wooden  reel  secured  to  a 
wooden  pallet.  The  cable  construction  consisted  of  buffer 
tubes  stranded  around  a  dielectric  central  member.  Placed 
around  the  buffer  tubes  was  a  layer  of  aramid  yam  which  in 
turn  was  protected  by  a  polyethylene  jacket. 

The  fiber  samples  were  selected  from  different  cable  layers  to 
determine  the  degree  of  aging  based  on  the  amount  of 
exposure  to  the  environment  (e.g.  solar  effects,  etc.).  In  this 
study,  we  identify  the  fiber  samples  by  the  relative  position 
with  respect  to  the  outer  most  layer  on  the  reel.  We  denote 
the  outer  most  layer  as  Layer- 1  and  each  successive  layer  as 
Layer-2,  3,  etc. 

2.3  Experiments 

2.3.1  Cable  Jacket  Material  Analysis 

Bellcore  conducted  outer  cable  jacket  yield  strength  and 
ultimate  elongation  tests  on  samples  taken  from  the  cable 
jacket.  These  tests  were  conducted  to  evaluate  any  changes 
that  may  have  taken  place  as  a  result  of  exposure  to  the 
environment.  The  test  was  conducted  in  accordance  with  the 
test  procedure  specified  in  TR-TSY-000020,  Generic 
Requirements  for  Optical  Fiber  and  Optical  Fiber  Cable, 
Issue  4,  March  19S9.  Samples  wens  taken  from  both  Layer- 1 
and  Layer-3  of  the  reel.  The  results  of  the  tests  indicated 
that  there  was  no  significant  difference  in  the  minimum  yield 
strength  and  minimum  elongation  between  the  jacket  samples 
taken  from  Layer- 1  and  Layer-3.  The  test  produced  an 
average  yield  strength  of  1282  psi  and  an  average  elongation 
of  700%  for  Layer- 1  samples  and  an  average  yield  strength 
of  1316  psi  and  an  average  elongation  of  700%  for  Layer-3 
samples.  This  met  the  requirements  specified  in  TR-20,  Lssue 
2,  which  was  in  effect  at  the  time  of  the  cable  manufacture. 

Clearly,  these  results  indicate  that  exposure  of  this  cable  to 
the  environment  did  not  adversely  affect  the  cable  jacket 
material. 

2.3.2  Fiber  Analysis 

A  successful  failure  analysis  requires  an  understanding  of 
possible  failure  mechanisms.  In  the  case  of  optical  fibers,  this 
requires  an  understanding  of  the  mechanical  behavior  of 
glass.  The  principal  tools  required  for  our  analysis  of  field 
and  laboratory  aged  fibers  are  summarized  below. 


2. 3. 2. 1  Experimental  Procedures 

Tensile  Strength  -  The  dynamic  tensile  strengths  of  the 
laboratory  aged  and  field  aged  fibers  are  measured  with  a 
screw-driven  universal  tensile  testing  machine  in  a  laboratory 
environment  of  23°  C  and  relative  humidity  of  50%.  Tensile 
strength  is  determined  at  a  strain  rate  of  5%/min  with  a  gage 
length  of  20  in.  Thirty-one  samples  were  taken  from  each 
representative  layer  to  determine  the  median  strength  and 
strength  distribution. 

Two-point  Bending  Strength  and  Dynamic  Fatifue  Behavior 
-  A  computer  controlled,  two-point  bending  apparatus”  was 
also  used  to  determine  the  strength  and  dynamic  fatigue 
behavior  of  the  fibers.  The  test  apparatus  consists  of  two 
parallel  platens,  one  fixed  and  one  moving,  between  which  a 
fiber  loop  is  bent  until  it  breaks  as  shown  in  Figure  1 .  The 
moving  platen  is  driven  by  a  computer  controlled  stepper 
motor;  the  rate  of  closure  can  be  varied  so  that  the  maximum 
stress  in  the  fiber  loop  changes  at  a  constant  rate.  Fiber 
failure  is  sensed  by  an  acoustic  transducer  which  signals  the 
computer  to  stop  the  moving  platen  and  record  the  platen 
separation  at  failure.  The  stress  at  failure  is  calculated  from 
the  platen  separation,  the  elastic  modulus  of  the  glass,  and  the 
dimensions  of  the  fiber.  Because  the  effective  gage  length  is 
very  small”,  the  probability  of  measuring  a  fiber  sample 
containing  a  large  flaw  is  very  small,  so  the  test  results  tend 
to  be  uniform  and  unimodal.  Bending  tests  were  conducted 
at  a  range  of  stress  rates  (9,  0.9,  0.09,  and  0.009  ksi/sec)  so 
that  the  dynamic  fatigue  behavior  of  the  fibers  could  be 
characterized.  The  experiments  were  conducted  in  a 
laboratory  environment  of  23°  C  and  relative  humidity  of 
50%.  For  each  case  and  stress  rate  21  samples  were  tested. 
Stripping  Test  -  The  force  required  to  snip  the  coating  is 
measured  using  a  commercial  stripping  tool  mounted  on  a 
screw-driven  universal  tensile  testing  machine.  The  gage 
length  of  the  stripped  section  was  1.2  inches  and  the  test  was 
conducted  at  the  rate  of  20  in/min.  The  experiments  were 
conducted  in  a  laboratory  environment  of  23°  C  and  relative 
humidity  of  50%.  We  tested  51  samples  from  each  layer  (1- 
4)  of  the  cable. 


F iber  Holder  Platen 


Figure  1  -  Schematic  of  Two-Point  Bending  Fiber  Strength 
Testing  Apparatus 
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Surface  Roughness  Measurements  -  A  commercially 
available  AFM  was  used  to  examine  the  surfaces  of  the  aged 
and  unaged  fibers  at  magnifications  up  to  one  million  times. 
The  AFM  allowed  us  to  make  direct  observations  of  any 
surface  imperfection  caused  by  aging.  The  AFM  has  a  very 
sharp  tip,  a  few  atoms  wide  at  the  end,  attached  to  a  micro¬ 
cantilever  arm  (Figure  2)  that  is  on  the  order  of  100-200 
microns  long.  The  tip  is  brought  into  contact  with  a  sample 
and  is  scanned  across  the  surface,  usually  in  a  raster  pattern. 
The  deflection  of  the  cantilever  is  monitored  as  the  tip  is 
scanned.  The  deflection  signal  is  used  in  a  feedback  loop 
similar  to  the  way  the  tunneling  current  is  used  in  an  STM. 
In  our  unit,  the  scanning  is  accomplished  with  a  piezoelectric 
tube  scanner.  The  data  can  be  acquired  by  measuring  the 
cantilever  deflection  signal  as  the  tip  is  scanned,  or  by 
adjusting  height  of  the  sample  using  feedback  to  maintain  a 
constant  cantilever  deflection  signal.  In  our  AFM,  the 
deflection  signal  is  produced  by  focusing  the  output  of  a  laser 
diode  to  a  spot  on  the  back  side  of  the  cantilever  and 
measuring  the  reflected  light  from  this  spot  with  a 
photodetector.  The  polymer  coating  on  the  fiber  was 
removed  before  AFM  examination  by  dipping  the  fiber 
briefly  in  hot  (200°  C)  sulfuric  acid  and  rinsing  in  distilled 
water.  In  order  to  insure  representative  results,  a  number  of 
samples  from  each  layer  were  used.  Each  sample  was  also 
examined  with  at  least  two  different  AFM  tips,  minimizing 
the  possibility  of  misinterpreting  tip-induced  artifacts  in  the 
images. 


PHOTODIODE 


LIGHT 


2.3.2.2  Results  and  Discussions 
Dynamic  Strength 

The  strength  data  for  tension  and  two-point  bending  plotted 
in  Figures  3  and  4  show  a  good  fit  to  a  Weibull  distribution 
of  the  form: 


F  =  1  -  e  ■ 

In  this  equation  F  is  the  cumulative  probability  of  failure  at  a 
stress  less  than  or  equal  to  c;  Oo  and  m  are  empirical 
distribution  parameters.  The  values  of  the  Weibull  exponent  ( 

and  the  median  strength  for  both  tension  and  two-point 
bending  tests  are  obtained  from  the  appropriate  Weibull 
relationship  where  F=  0.5  and  are  summarized  in  Table  1.  As 
observed  in  Figures  3  and  4  and  Table  1,  fiber  strength 
decreased  towards  the  outer  cable  layer.  The  differential 
decrease  in  strength  of  the  fibers  appears  to  be  correlated  to 
the  severity  of  environmental  exposure.*  As  shown  in  an 
earlier  study'*,  the  outer  layers  of  cable  on  the  reel  were 
probably  exposed  to  higher  temperatures  then  the  lower 
layers  which  obviously  influenced  the  trends  of  strength 
reduction  shown  in  Figures  3  and  4.  Since  the  gage  length  of 
tensile  strength  tests  is  -500  times  greater  than  2  point 
bending  tests  (  25  cm  versus  less  than  0.05  cm),  tensile 
strength  results  were  lower  than  the  two-point  bending 
strength  results.  But  still,  in  comparing  strength 
distributions  of  samples  of  different  gage  lengths.  Figure  3 
(tension)  and  Figure  4  (two-point  bending)  show  that  similar 
strength  reductions  are  present. 


Figure  2  -  Schematic  of  the  Atomic  Force  Microscope 


Figure  3  -  Weibull  Strength  (Tension)  Distribution 


Table  1  -  Summary  of  Strength  Tests 


LOCATION  OF  HBERS 

IN  THE  CABLE 

MEDIAN  TENSILE 

STRENGTH,  ksi 

MEDIAN  TWO-POINT 

BENDING  STRENGTH,  ksi 

nij 

Layer- 1 

289 

T 

326 

“u 

Layer-2 

515 

11 

551 

23 

Layer- 3 

631 

20 

682 

37 

Layer-4 

675 

32 

707 

54 
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Figure  4  -  Two-Point  Bending  Weibull  Strength  Distribution 


Dynamic  (Two-Point Bending)  Fatifue 
Table  2  summarizes  dynamic  fatigue  (two-point  bending) 
results  for  fiber  samples,  taken  from  different  layers  of  the 
cable.  If  it  is  assumed  that  the  rate  of  growth  of  flaws  in  the 
presence  of  stress  depends  upon  the  stress  intensity  factor  at 
the  tip  of  the  flaws  raised  to  a  power  n,  then  it  can  be  shown  “ 
that  the  failure  stress  is  related  to  the  rate  of  stressing  ^  by: 

1 


where  n,j  is  the  crack  growth  exponent  associated  with  the 
power  law  dependence  of  the  crack  growth  rate  and  B  is  an 
experimental  parameter.  The  effects  of  aging  conditions  on 
the  values  of  n^  are  well  documented.'*'"  In  this  study,  we 
observed  an  increase  in  n^  associated  with  excessive  aging 
conditions  (Layers- 1,  2).  This  result  also  suggests’  that  the 
fiber  samples  taken  from  the  outermost  layers  (Layers- 1,2) 
of  cable  aged  more  than  inner  cable  layers  (Layers-4,  5.. etc). 


Table  2  -  Summary  of  Dynamic  Fatigue 
[Two-Point  Bending]  Tests 

LOCA-nON  OF  FIBERS  FATIGUE  PARAMETER 

IN  THE  CABLE  nj 

Layer- 1  23.6 

Layer-2  2 1 .7 

Layer-3  20.9 

Layer-4  21.2 


Coating  Behavior 

The  coating  stripping  test  was  performed  on  fiber  samples 
from  each  layer  of  the  cable.  The  results  for  strip  force  is 
shown  in  Table  3.  We  again  observed  some  sign  of 
degradation  in  coating  adhesion  with  respect  to  fiber  location 
which  we  also  attribute  to  the  effect  of  temperature.  Coating 
strip  force  for  outer  layer  aged  fibers  showed  higher  variation 
in  distribution  and  lower  values  than  lower  layer  samples. 

Glass  Behavior 

A  series  of  AFM  images  of  aged  fibers,  at  various  layers  on 
the  cable  reel,  are  shown  in  Figures  5-8.  Figure  5  shows  a 
typical  roughness  observed  on  the  surface  fibers  aged  inside 
Layer- 1  of  the  cable.  The  surface  of  aged  fibers  in  Layer- 1 
can  be  characterized  as  having  developed  pits  -10-65  nm‘ 
across  with  an  amplitude  of  -10-60  nm.  In  contrast,  the 
surface  of  the  fiber  at  Layer-4  (Figure  8)  showed  a 
corrugation  amplitude  of -0.1- 1  nm  with  features  0.2- 1. 5  nm 
across.  Figures  6  and  7  show  surface  profiles  of  the  fibers 
aged  in  Layer-2  and  Layer-3  of  cable.  The  degree  of  surface 
roughness  of  the  aged  fibers  is  consistent  with  the  strength 
results  The  roughness  of  the  fibers  increased  with 
increasing  exposure  to  the  hostile  environment,  with  the  most 
dramatic  roughening  occurring  in  the  fiber  samples  that  aged 
inside  Layer- 1  (outermost  layer).  Images  of  fibers  aged 
inside  Layer-4,  Layer-5...  etc.  were  similar.  The  relative 
surface  roughness  can  be  put  on  a  more  quantitative  basis,  as 
given  in  Table  4,  by  measuring  the  maximum  value  of  flaw 
depth  obtained  from  the  AFM. 


Table  3  -  Summary  of  Coating  Strip  Force 


LOCATION  OF  FIBERS 

IN  THE  CABLE 

MEDIAN  STRIP 
FORCE,  LBy^ 

MIN.  STRIP 
FORCE.  LBy 

MAX.  STRIP 
FORCE,  LBy 

Layer- 1 

(162 

1.02 

Layer-2 

0,84 

1.16 

Layer- 3 

0.81 

0.65 

Layer-4 

0.90 

0.71 

'  1  nm  =  lb'’  cm=  3.94x10'*  inches. 
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Table  4  -  Summary  of  Maximum  Value  of  Surface 

Roughness  Height  Obtained  from  the  AFM 
Measurements 


LOCATION  OF  FIBERS  ROUGHNESS  HEIGHT 

IN  THE  CABLE  nm 


Layer- 1 
Layer-2 
Layer- 3 
Layer-4 


Figure  5  -  A  typical  AFM  Image  Observed  on  the  Surface 
Fibers  Aged  Inside  Layer- 1 


Figure  7  -  A  typical  AFM  Image  Observed  on  the  Surface 
Fibers  Aged  Inside  Layer-3 


Figure  6  -  A  typical  AFM  Image  Observed  on  the  Surface 
Fibers  Aged  Inside  Layer-2 


Figure  8  -  A  typical  AFM  Image  Observed  on  the  Surface 
Fibers  Aged  Inside  Layer-4 


3.  CONCLUSIONS 

Although  no  significant  changes  to  the  outer  cable  jacket 
were  observed,  significant  changes  in  fiber  strength,  fatigue 
resistance,  coating  adhesion  and  surface  roughness  were 
observed  on  the  fiber  samples  removed  from  first  or 
outermost  layer  of  the  cable.  The  results  obtained  from  the 
fiber  analysis  agree  with  the  results  of  earlier  studies 
showing  that  the  fibers  in  the  cable  were  exposed  to  extreme 
environmental  conditions  for  long  periods  of  time.  The  fiber 
surface  roughness  decreased  in  amplitude,  both  vertically  and 
laterally,  for  each  layer  removed  from  the  outermost  cable 
layer,  consistent  with  earlier  predictions  The  strength 
degradation  was  a  direct  result  of  the  absence  of  a  thermal 
wrap  protection  on  the  cable  reel,  since  outer  layers  were 
exposed  to  greater  temperature  rise”  .  This  thermal  wrap 
material  is  designed  to  limit  solar  heating  of  the  cable  to 
within  10°  C  of  the  ambient  temperature.  Bellcore 
recommends  that  all  cables  stored  on  reels  outdoors  be 
wrapped  with  a  thermal  wrap  material  meeting  the 
requirements  of  TR-TSY-000020.  Generic  Requirements  for 
Optical  Fiber  and  Optical  Fiber  Cable. 
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ABSTRACT 

Single-fiber  cable  assemblies  with  a  small 
hermaphroditic  connector  have  been  designed  for  use  in 
tactical  fiber-optic  communications  systems  and  robotic 
vehicle  applications.  The  assemblies  are  intended  for 
use  wherever  bi-directional  transmission  is  required  and 
are  designed  to  operate  while  meeting  environmental 
and  mechanical  conditions  typically  encountered  in 
tactical  applications.  Both  multimode  and  single-mode 
versions  were  developed  with  2.5  and  4.0  mm  diameter 
cables.  A  completed  assembly  consists  of  a  1-km  all¬ 
dielectric  cable  with  a  tightly-buffered  radiation- 
hardened  fiber  terminated  with  hermaphroditic  ST® 
connectors.  Prototype  samples  measured  at  1300  nm 
show  an  average  insertion  loss  of  less  than  1.5  and  1.0 
dB  for  multimode  and  single-mode  respectively  and  a 
loss  change  of  less  than  1.0  (MM)  and  0.5  (SM)  when 
subjected  to  thermal  cycling,  temperature^umidity 
cycling,  high  and  low  storage  temperature  extremes  and 
low-pressure  altitude  exposure. 


1.0  INTRODUCTION 

For  many  tactical  fiber  optic  communications  systems 
and  tethered  or  robotic  applications,  bi-directional 
transmission  over  a  single  optical  fiber  is  required. 
AT&T  has  developed  a  class  of  single-fiber  (simplex) 
cable  assemblies  for  both  multimode  and  single-mode 
applications  under  design  criteria  similar  to  that  of  the 
two-fiber  Tactical  Fiber  Optic  Cable  Assembly 
(TFOCA)  previously  developed  for  the  U.  S.  Army 
CECOM  (1).  Several  features  of  the  successful 
TFOCA  units  have  been  incorporated  into  the  simplex 
designs  with  two  important  distinctions;  The  cables  are 
smaller  (2.0  and  4.0  mm  vs.  6.0);  the  connector 
employs  ST®  technology  rather  than  biconic.  These 
and  other  features  of  the  cable  assemblies,  along  with 
performance  testing  results,  will  be  described  in  this 
paper. 

2.0  BACKGROUND 

Successful  deployment  of  tactical  communications 
systems  requires  high  reliability,  consistent 


performance  and  expedient  field  repair.  Fiber  optic 
technology  has  been  developed  to  these  standards  and 
has  been  widely  accepted  because  of  significant 
advantages  such  as  elimination  of  electromagnetic 
interference  and  pulse  susceptibility,  elimination  of 
problems  associated  with  multi-ground  circuits,  and 
high  resistance  to  radiation  effects. 

The  single-fiber  cable  assemblies  develop>ed  in  this 
work  are  appropriate  for  many  tactical  applications 
including  radar  remoting,  radio  remoting,  and  various 
robotic  systems.  They  meet  the  critical  requirements  of 
ease  of  deployment,  field  cleanability,  durability, 
consistent  performance,  and  cost  competitiveness. 

3.0  CABLE  ASSEMBLY  DESIGN 

The  cable  assemblies  consist  of  1-km  of  multimode  or 
single-mode  all-dielectric  cable  (each  at  2.5  or  4.0  mm 
diameter)  terminated  with  small  hermaphroditic  ST® 
(HST)  connectors.  Each  cable  contains  a  single 
tightly-buffered  radiation  hard  fiber.  The  multimode 
units  are  operational  at  850  or  1300  nm  and  the  single¬ 
mode  at  1300  or  1550.  They  are  designed  for  an 
operating  temperature  range  of  -46°  to  71°C  and 
storage  temperature  extremes  of  -57°  to  85°C. 

The  design  and  performance  of  the  cable  and  connector 
components  will  be  discussed  in  the  following  sections 
before  presenting  the  results  from  complete  assembly 
samples. 

3.1  SINGLE-FIBER  CABLES 

The  cross-sectional  view  of  the  four  cable  designs  are 
given  in  Figure  1.  The  fibers  have  dual  acrylate 
coatings  and  are  tightly  buffered  with  a  0.9  mm  O.D. 
polyester  elastomer.  Both  the  coating  and  the  buffer 
are  mechanically  strippable,  a  feature  which  facilitates 
repair  and  connector  termination.  Aramid  yams  are 
stranded  over  the  buffered  fiber  and  function  as  the 
tensile-load  carrying  members.  Appropriate  amounts 
of  yam  are  used  to  attain  270  and  1350  N  ratings  for  the 

2.5  and  4.0  mm  cables,  respectively.  A  flame-retardant 
polyurethane  outer  jacket  is  extruded  over  the  outer 
jacket.  The  average  weights  for  the  cables  are  less  than 

5.6  kg/km  for  the  2.5  mm  cables  and  less  than  12.8  for 
the  4.0  mm.  The  cables  exhibit  less  than  2.0% 
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elongation  at  270  and  1350  N. 

Cable  sa.Tiples  of  the  above  type  have  been  subjected  to 
a  series  of  environmental  and  mechanical  tests  to 
determine  field  worthiness  as  discussed  in  a  previous 
publication  (2).  The  samples  passed  the  performance 
criteria  detailed  in  reference  (3).  Selected  performance 
values  are  given  below. 

The  attenuation  rate  for  multimode  cables  was  less  than 
3.5  dB/km  at  850  nm  and  less  than  1.25  dB/km  at  1300 
nm.  The  two  primary  environmental  tests  are 
temperature  and  accelerated  aging.  The  cables  were 
evaluated  for  the  extended  temperature  cycling  range  of 
-55°  to  85°C  (5  cycles)  and  accelerated  aging 
conditions  of  1 10°C  for  10  days.  Multimode  cables 
showed  less  than  0.5  dB  increase  in  attenuation  at  850 
and  1300  nm  and  single-mode  cables  less  than  0.3  at 
13(X)  and  1550  nm.  Other  environmental  tests  included 
ice  crush  and  radiant  heat.  Mechanical  tests  included 
operating  tensile  load  (180  and  300  N),  cold  bend, 
impact,  knot,  compression,  cyclic  flexing,  twist  bend, 
and  corner  bend.  The  cables  showed  less  than  0.5  dB 
attenuation  increase  for  the  knot  and  corner  bend  tests 
and  less  than  0.2  dB  for  the  remaining  tests. 


retention  and  strength  of  mated  pair  to  1335  N)  with 
loss  increases  of  less  than  0.2  dB.  Other  mechanical 
tests  include  shock,  shock  drop,  vibration  and  mating 
durability  ()(X)0  times).  Again  the  maximum  loss 
increases  were  less  than  0.2  dB. 

3.3  CABLE  ASSEMBLY  PERFORMANCE 

Four  samples  each  of  the  1-km  MM  and  SM  cable 
assemblies  with  2.5  and  4.0  mm  diameter  cables  were 
tested  for  insertion  loss  and  environmental  performance 
to  the  requirements  and  in  the  sequence  shown  below. 
All  measurements  were  made  at  1300  nm  using  either  a 
laser  or  LED  source. 


TABLE  I  -  CABLE  ASSEMBLY  TEST  CONDITIONS 
Test  _ Conditions _ 


ln.sertion  Loss 
Thermal  Cycle 
Humidity 


Concatenation  (FOTP  171) 

-46°to71°C,  5  cycles 

65°  to  30°  to  20°C  at  94%  RH, 
5  Cycles 


3.2  CONNECTOR 

The  simplex  HST  connector  is  shown  in  Figure  2.  It  is 
8.6  cm  long  by  1.4  cm  in  diameter  and  weighs  less  than 
30  grams  with  dust  cover.  It  is  a  true  hermaphroditic 
unit,  hence  any  cable  end  can  be  mated  with  any  other 
or  with  a  companion  bulkhead  receptacle.  It  employs 
ST®  connector  technology  whereas  the  duplex  ITOCA 
units  employ  biconic  components.  The  key  alignment 
components  are  a  ceramic  ferrule  on  which  is  mounted 
a  close-fitting  bifurcated  sleeve  so  that  two  similarly 
equipped  ferrules  can  be  mated.  The  sleeve  acts  as  an 
alignment  mechanism  and  provides  the  hermaphroditic 
feature. 

Other  design  features  of  the  HST  connector  are:  Cable 
retention  hardware  not  requiring  adhesives, 
waterproofing  seals,  modified  coupling  threads  for 
strength  and  easy  engagement,  a  corrosion-resistant 
finish,  materials  selected  for  strength  and  EMI  shielding 
effectiveness,  and  a  configuration  for  easy  field 
cleaning.  Samples  have  been  tested  to  the  requirements 
of  field  ruggedness  per  CFiCOM  contract  No. 
DAAB07-85-C-K556  as  detailed  in  previous 
publications  (4,  5).  Selected  performance  values  arc 
summarized  here. 

The  connection  loss  of  SM  HST  units  averaged  0.44  dB 
with  a  standard  deviation  of  0.27  dB.  For  MM  the 
average  and  sigma  were  0.50  and  0.30,  During  thcmial 
cycling  (-46°  to  71°C),  high  temperature  exposure 
(85°C),  low  temperature  exposure  (-55°C),  thermal 
shock  (-57  '  to  71°C),  water  immersion,  humidity,  dust, 
and  mud  (cleanabiliiy),  the  maximum  loss  change  was 
0.25  (IB.  The  connector/cablc  interface  was  tested  by 
twisting  (1000),  flexing  (3()(K))  and  tension  (cable 


Storage  Temp  -57°  and  85°C,  240  hrs.  ea. 

Altitude  10,000  ft.  operating 

4(),(X)0  ft.  non-operating 


TABLE  2.  TEST  SEQUENCE 


Test 


Insertion  Loss 


Assembly  Type 
MM  SM 

^  ^  15  ^ 

4  4  4  4 


Temperature  Cycle  4  4 


Humidity  2 


j  Storage  2  2 

Temp 

I 

Altitude  2 


4  4 

2  2 

2  2 

2  2 


Insertion  Loss: 

Insertion  loss  measurements  form  the  samples  of  Table 
I  gave  mean  and  sigma  values  of  1.56  and  0.56  for  the 
8  MM  cable  assemblies  and  0.85  and  0.38  for  SM.  No 
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distinction  was  made  between  the  two  different  cable 
sizes  when  randomly  selecting  samples  for  the  eight- 
cable  contenation  measurements.  In  addition  to  these 
values  concatenation  measurements  were  made  on  a 
separate  group  of  6  MM  and  14  SM  4.0  mm  deliverable 
cable  assemblies  under  the  CECOM  contract.  Those 
averages  were  1.23  and  0.78  dB  respectively  with 
sigma  values  of  0.34  and  0.33.  See  Figures  3  and  4. 

Environmental  Tests: 

The  results  of  the  thermal  cycle  tests  are  given  in 
figures  5  and  6.  In  each  case  the  curves  represent  the 
average  values  for  the  samples  tested.  For  the  MM  case 
two  of  the  original  samples  (one  each  of  the  2.5  and 
4.0)  were  excluded  from  the  data  because  of  two 
sources  of  error.  In  one  sample  a  fiber  break  inside  a 
connector  ferrule  was  traced  to  an  incorrect  fiber 
stripping  and  insertion  procedure.  In  another  the 
sample  showed  an  early  large  decrease  in  attenuation 
(improvement)  due  to  incomplete  seating  of  the  test 
lead  adaptor  cables  at  the  start  of  the  test.  The  average 
change  was  less  than  1.0  dB  for  MM  and  0.5  for  SM. 
The  results  of  the  humidity  test  are  shown  in  figures  7 
and  8.  The  average  change  was  less  than  0.6  dB  for 
MM  and  0.2  for  SM.  The  results  for  the  storage 
temperature  and  altitude  tests  are  not  shown  in  graph 
form;  however,  the  loss  changes  were  less  than  0.5  dB 
for  both  MM  and  SM. 

4.0  CONCLUSIONS 

The  simplex  cable  assemblies  described  herein  meet  the 
requirements  for  tactical  applications  as  prescribed  by 
U.  S.  Army  CECOM.  The  assemblies  are  light-weight, 
rugged,  easy  to  deploy,  and  readily  maintained. 
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LOSS  <ciB)  913eenin 

Figure  3.  Multimode  Insertion  Loss,  4.0  mm  Deliverables 


LOSS  (dB)  91300  nm 

Figure  4.  Single-Mode  Insertion  Loss,  4.0  mm  Deliverables 
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ABSTRACT 


The  design  and  development  of  three  all -dielectric  single 
fiber  cables  for  use  in  tactical  fiber  optic  communication 
systems  have  been  completed.  These  cables  were  developed 
to  meet  the  stringent  optical,  mechanical,  and  environmental 
requirements  typical  of  tactical  applications.  The 
development  effort  was  guided  by  the  detailed  performance 
criteria  given  in  the  Military  Specification,  DOD-C-8.3045C, 
"General  Specification  for  Fiber  Optics  Cables  (Metric)". 
The  cable  designs  include  dispersion  shifted  single-mode. 
62. .3/12.3  pm  radiation  hardened  multimode,  and  100/140  pm 
multimode  fiber  versions.  The  cable  construction  is  simiku" 
to  the  single  fiber  single-mode  and  30/123  pm  radiation 
hardened  multimode  tactical  cables  previously  developed  for 
the  U.S.  Army.  The  cables  have  undergone  extensive 
environmental  and  mechanical  testing  per  the  military 
specification.  Environmental  tests  include  temperature 
cycling,  humidity  cycling,  and  accelerated  aging.  Mechanical 
tests  include  twist  bend,  cyclic  Hexing,  impact,  cold  bend, 
operating  tensile  load,  etc.  The  results  of  the  optical, 
environmental,  and  mechanical  performance  tests  arc 
presented  in  this  paper. 


INTRODUCTION 


For  all  applications,  the  fibers  are  proof  tested  to  690  MPa 
(100  ksi).  The  dispersion  shifted  single-mode  cables  are 
optimized  for  operation  at  the  1550  nm  wavelength,  and  the 
multimode  cables  can  be  operated  at  the  830  nm  and  the 
13(M)  nm  wavelength.  The  cables  can  be  used  in  either  one- 
or  two-way  transmission.  The  cable  design  should  be 
selected  based  on  the  type  of  application. 


The  operating  temperature  range  of  these  cables  is  -46°C  to 
7UC.  The  design  criteria  for  these  single  fiber  cables  are 
similar  to  those  used  for  the  single  and  two  fiber  single¬ 
mode  and  50/125  pm  radiation  hardened  multimode  tactical 
cables  previously  developed  for  the  U.S.  Army  CECOM.^'' 
In  the  following,  the  design,  development  and 
performance  test  results  for  the  three  single  fiber  tactical 
cables  described  above  are  presented. 


CABLE  DESIGN 


The  cross  section  of  the  cable  design  is  given  in  Figure  !. 
The  cable  design  is  all-dielectric  in  construction  and  u.ses 
either  the  single-mode  or  multimode  fiber  described  above. 
The  fiber  is  coated  with  a  dual  acrylate  coating  which  is 
mechanically  strippable.  The  fiber  is  then  tight-buffered  to 
900  pm  (.033  inch)  diameter  with  a  blue-colored  polyester 
elastomer.  The  buffering  material  is  also  mechanically 
strippable  in  order  to  facilitate  repair  and  connector 


The  design  and  development  of  single  fiber  optical  cables 
for  use  in  tactical  fiber  optic  applications  have  been 
completed.  This  development  effort  was  guided  by  the 
detailed  performance  criteria  given  in  the  Military 
Specification,  DOD-C-83()43C,  "General  Specification  for 
Fiber  Optics  Cables  (Metric)".  The  cable  size  is  de.signed  to 
be  2.3  mm  in  diameter  for  a  compact  and  lightweight 
constniction  with  a  tensile  rating  of  270  Newtons.  These 
cables  can  be  used  in  radar  remoting,  robotic  vehicle 
control/communication,  and  other  general  tactical 
communication  system  applications.  The  cables  can  be 
deployed  either  from  backpack,  a  ground  vehicle,  or  from  a 
helicopter. 

The  cable  design  utilizes  three  fiber  types.  The  three 
different  fiber  types  are  a  single-mode  and  two  sizes  of 
multimode  fibers.  The  single-mode  cable  uses  a  7.0  pm 
mode-field  diameter  dispersion  shifted  single-mode  fiber. 
The  multimode  cable  uses  cither  a  62.3/123  pm  radiation 
hardened  multimode  fiber  or  a  100/140  pm  multimode  fiber. 


U- 


- 2.5  mm 


Figure  L  Cross  Section  of  Single  Fiber  Optical  Cable 
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termination  in  the  field.  The  buffering  material  was  chosen 
to  minimize  microbending  losses  induced  by  exposure  of  the 
cable  to  temperature  extremes  of  -46"C  and  1\°C  and  to 
meet  the  stringent  mechanical  performance  requirements. 
Aramid  yams,  which  are  the  main  tensile-load-carrying 
members,  are  stranded  over  the  buffered  fiber.  Appropriate 
amounts  of  aramid  yams  are  used  for  the  cable  to  attain  the 
270  N  tensile  rating.  A  flame-retardant  polyurethane  outer 
jacket  is  then  extruded  over  the  aramid  yam. 

PERFORMANCE 

The  cables  were  subjected  to  ail  the  required  optical, 
environm.ental  and  mechanical  performance  tests.  The  fibers 
were  also  subjected  to  a  battery  of  optical,  mechanical  and 
dimensional  requirements  before  they  were  used  in  the 
cables.  In  the  following  cable  performance  evaluation,  three 
cable  samples  for  each  design  were  used  for  the 


environmental  tests.  Similarly,  for  all  of  the  mechanical 
tests,  the  results  correspond  to  triplication  of  tests. 

Before  subjecting  the  cables  to  environmental  and 
mechanical  tests,  an  attenuation  test  was  conducted  on  the 
finished  cables.  Typically  the  cables  were  manufactured  in 
1-km  lengths.  The  attenuation  results  for  the  dispersion 
shifted  single-mode  cables  at  1310  nm  and  1550  nm,  and 
62.5/125  [am  radiation  hardened  and  100/140  ^lm  multimode 
cables  at  850  nm  and  1300  nm  are  given  in  Figures  2,  3, 
and  4,  respectively.  The  requirement  for  the  dispersion 
shifted  single-mode  cables  is  that  the  attenuation  be  <  0.5 
dBAm  at  1310  nm  and  <  0.35  dB/km  at  1550  nm. 
Requirements  for  62.5/125  pm  radiation  hardened 
multimode  cables  are  <  4.0  dB/km  at  850  nm  and  <  1.5 
dB/km  at  1300  nm.  Corresponding  requirements  for 
100/140  pm  multimode  cables  are  <  6.0  dB/km  at  850  nm 
and  <  3.0  dB/km  at  1300  nm.  As  shown  in  the  figures,  the 
three  cable  designs  meet  the  attenuation  requirements. 


ATTENUATtON,  dB/km 

Figure  2.  Dispersion  Shifted  Single-Mode  Single  Fiber  Cable  Attenuation 


□  iSOOnm 


ATTENUATION,  dB/km 

Figure  3.  Radiation  Hardened  Multimode  62.5/125  pm  Single  Fiber  Cable  Attenuation 
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Figure  4.  Multimode  100/140  |im  Single  Fiber  Cable  Attenuation 


The  three  primary  environmental  tests  are  temperature 
cycling,  humidity  cycling,  and  accelerated  aging.  The 
temperature  cycle  used  for  the  cable  evaluation  is  presented 
in  Figure  5.  The  results  of  temperature  cycling  for  all  three 
cable  designs  are  presented  in  Figures  6  through  8.  The 
requirement  of  maximum  increase  in  attenuation  for  the 
dispersion  shifted  single-mode  fiber  cables  is  0.3  dB/km  at 
1310  nm  and  1550  nm.  For  62.5/125  )im  radiation  hardened 
multimode  fiber  cables,  the  maximum  increase  in  attenuation 
is  0.5  dB/km  at  850  nm  and  1300  nm.  For  100/140  pm 
multimode  fiber  cables,  the  maximum  increase  in  attenuation 
is  1.5  dB/km  at  850  nm  and  1300  nm.  The  results  are  given 
for  five  temperature  cycles  for  the  temperature  range  of 
-46*C  and  71*0.  All  cable  designs  pass  the  requirements 
showing  excellent  performance. 

Figure  6  Temperature  Cycling  Test  Results  for 


Figure  5  Temperature  Cycle  for  Single  Fiber  Cables  Figure  7  Temperature  Cycling  Test  Results  for  62.5/125  pm 

Radiation  Hardened  Multimode  Fiber  Cable 
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Figure  8  Temperature  Cycling  Test  Results  for  Figure  10  Humidity  Cycling  Results  for 

100/140  (im  Multimode  Fiber  Cable  Dispersion  Shifted  Single-Mode  Fiber  Cable 


The  humidity  cycle  used  for  the  cable  evaluation  is 
presented'  in  Figure  9.  In  the  humidity  cycle,  the  cables  are 
subjected  to  a  constant  relative  humidity  of  94  ±  4  %  and 
cycled  between  the  temperatures  of  20  °C  and  65  "C.  The 
maximum  increase  in  attenuation  requirements  for  the 
humidity  cycle  are  the  same  as  those  for  the  temperature 
cycling  test.  The  results  for  five  humidity  cycles  are 
presented  in  Figures  10,  11,  and  12  for  the  dispersion  shifted 
single-mode  fiber,  the  62,5/125  |im  radiation  hardened 
multimode  fiber,  and  the  100/140  ftm  multimode  fiber, 
respectively.  All  the  cable  designs  pass  the  humidity  cycle 
maximum  attenuation  increase  requirements. 


94i4%  BELATIVE  HUMIDITY 


Figure  9  Humidity  Cycle  for  Single  Fiber  Cables 


Figure  11  Humidity  Cycling  Results  for  62.5/125  pm 
Radiation  Hardened  Multimode  Fiber  Cable 


Figure  12  Humidity  Cycling  Results  for 

100/140  pm  Multimode  Fiber  Cable 
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The  accelerated  aging  test  consists  of  subjecting  the  cables 
to  a  temperature  of  llO’C  for  10  days.  This  test 
temperature  and  duration  simulates  the  mechanical  response 
of  the  cable  materials  to  an  exposure  of  85"C  for  the  design 
life  of  20  years.  This  simulation  criteria  was  arrived  at 
using  the  viscoelastic  mechanical  properties  equivalence 
principle  described  in  Reference  4.  The  results  for  the 
accelerated  aging  tests  are  presented  in  Figures  13  through 
15.  The  added  loss  requirements  for  accelerated  aging  tests 
are  also  the  same  as  those  for  the  temperature  cycling  test. 
These  results  show  excellent  performance  of  the  cables  in 
the  accelerated  aging  test. 


os 


01  234  S6789  10  1I 
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Figure  13  Accelerated  Aging  Test  Results  for 

Dispersion  Shifted  Single-Mode  Fiber  Cable 
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Figure  14  Accelerated  Aging  Test  Results  for  62.5/125  pm 
Radiation  Hardened  Mullimode  Fiber  Cable 
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Figure  15  Accelerated  Aging  Test  Results  for 
100/140  pm  Multimode  Fiber  Cable 


The  cables  were  also  subjected  to  the  required  mechanical 
tests.  These  tests  and  the  results  of  the  mechanical  tests  are 
summarized  in  Tables  1  and  11.  Table  1  presents  the  results 
for  the  dispersion  shifted  single-mode  fiber  cable  at  the  1310 
nm  wavelength.  Table  11  presents  the  results  for  both  the 
62.5/125  pm  radiation  hardened  and  1(X)/140  pm  multimcxle 
cable  designs  at  the  13(X)  nm  wavelength.  As  can  be  seen 
from  the  tables,  the  three  cable  designs  either  meet  or 
surpass  the  mechanical  requirements.  The  knot  test  is  not 
required  for  small  diameter  cables,  but  for  thoroughness  in 
evaluation,  the  test  was  performed  and  the  results  are 
included  in  the  tables  for  information. 

The  twist  bend  test  specified  in  the  military  specification 
uses  the  test  procedure  DOD-STD-1678,  Methexi  2060, 
"Cable  Twist-Bend".  In  this  prtK'cdurc  a  test  mass  of  10  kg 
is  specified  for  all  cables  less  than  6.4  mm  in  diameter.  The 
10  kg  requirement  of  DOD-STD-1678  is  very  stringent  for 
smaller  diameter  cables.  Most  industry  procedures  for 
similar  tests  specify  masses  which  vary  proportionally  to  the 
cable  diameter.  Thus,  the  mass  was  reduced  to  2  kg  and  the 
number  of  cycles  for  the  cables  was  reduced  from  the  21XX) 
cycles.  ElA/TlA-455-91.  "Fiber  Optic  Cable  Twist-Bend 
Test."  does  provide  mas.ses  based  on  cable  sizes,  and  the 
cables  will  be  tested  using  this  procedure  in  the  future. 

The  weight  requirement  for  cable  was  a  maximum  of  6.0 
kg/km.  The  nominal  diameter  and  weight  results  for  the 
cable  are  2.52  mm  and  5.7  kg/km,  respectively. 
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TABLE  I 


MECHANICAL  TEST  RESULTS  FOR  DISPERSION  SHIFTED  SINGLE-MODE  FIBER  CABLE 


NO 

TEST  DESCRIPTION 

REQUIREMENTS 

RESULTS 

mean/max 

1 

Mass 

FED-STD-228,  8311 
<6  kg/km 

5.7  kg/km 

Twist  Bend 

25'  C 

DOD-STD-1678,  2060 
Mandrel  Dia.  =  12.5  mm 

2  kg,  1000  cycles 

Added  Loss,  A  <0.2  dB 

0.00/0.01  dB 

2 

Twist  Bend 

71’  C 

DOD-STD-1678,  2060 
Mandrel  Dia.  =  12.5  mm 

2  kg,  500  cycles 

Added  Loss,  A  <0.2  dB 

0.00/0.01  dB 

Twist  Bend 
-46"  C 

DOD-STD-1678,  2060 
Mandrel  Dia.  =  12.5  mm 

2  kg,  1000  cycles 

Added  Loss,  A  <0.2  dB 

0.00/0.00  dB 

Cyclic  Flexing 

25"  C 

DOD-STD-1678,  2010 
Mandrel  Dia.  =  12.5  mm 

2  kg,  2000  cycles 

A  <0.2  dB 

0.00/0.00  dB 

3 

Cyclic  Flexing 

71"  C 

DOD-STD-1678,  2010 
Mandrel  Dia.  =  12.5  mm 

2  kg,  2000  cycles 

A  <0.2  dB 

0.01/0.02  dB 

Cyclic  Flexing 

-46“  C 

DOD-STD.I678,  2010 
Mandrel  Dia.  =  12.5  mm 

2  kg,  2000  cycles 

A  <0.2  dB 

0.00/0.00  dB 

Impact 

25"  C 

DOD-STD-1678,  2030 

0.5  kg,  100  cycles 

15  cm,  A  ^.2  dB 

0.0m.03  dB 

4 

Impact 

71"  C 

DOD-STD-1678,  2030 

0.5  kg,  50  cycles 

15  cm,  A  <0.2  dB 

0.00/0.00  dB 

Impact 
-46"  C 

DOD-STD-1678,  2030 

0.5  kg,  50  cycles 

15  cm,  A  ^.2  dB 

0.00/0.00  dB 

5 

Cold  Bend 

DOD-STD.1678,  2020 
Mandrel  Dia.  =  12.5  mm,  -46"  C, 

5  kg,  3  Turn 

A  <0.2  dB 

0.00/0.01  dB 

6 

Freezing 

Water  Immersion 

DOD-STD-1678,  4050 
-10"  C,  24  Mrs;  -2°  C.  1  Hr 

A  <0.2  dB 

0.00/0.00  dB 

7 

Knot 

DOD-C-8504S,  300N  (66161), 
Mandrel  Dia.  =  12.5  mm 

A  <0.5  dB 

0.29/0  J4  dB 

8 

Compression 

DOD-STD-1678,  2040 

10.1  cm  Dia.,  450N  (lOOIbl) 

A  <0.2  dB 

0.00/0.00  dB 

9 

Tensile  Strength 

EIA-455-33A 

270N(60  IbD,  Elon(-ation  <  2.0% 

A  <  0.2  dB 

<  0.5% 
0.0I/0.0I  dB 

10 

Operating 

Tensile  Loading 

EIA-455-33A 

180N(40  IbD,  24  Hrs. 

A  <  0.2  dB 

0.00/0.02  dB 

11 

Flammability 

DOD-STD-1678,  5010 

60  Angle  Test, 

Flame  travel  distance  <  10  cm 
F!xlinguish  <  30  .sec. 

3.73/4.14  cm 
<I  sec. 
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TABLE  II 


MECHANICAL  TEST  RESULTS  FOR  62.5/125  urn  RADIATION  HARDENED 
AND  I00/I40  urn  MULTIMODE  FIBER  CABLES 


NO 

TEST 

DESCRIPTION 

RLQUiREMENTS 

RI-31JLTS 

mean/max 

62.5/125  FIBER 

100/140  FIBER 

Mass 

FEO-STD-22Sa  8311 
£  6  kg/km 

53  kg/km 

5.7  kg/km 

Twist  B«ad 

25*  C 

DOD-STD-1678a  2060 
Mandrel  Dia.  s  12.5  mm 

2  kga  1000  cycia 
Added  Loss,  A  <  0.5  dB 

0.00/0.04  dB 

0.04/0.07  dB 

2 

Twist  Bend 

71'  C 

DOD-STD-167S,  2060 
Mandrel  Dia.  =  123  mm 

2  kg.  500  cycles 
Added  Loss,  A  5  03  dB 

0.00/0.00  dB 

0.00/0.05  dB 

Twist  B«nd 
-46*  C 

DOD-STD-1678g  2060 
Mandrel  Dia.  =  123  mm 

2  kg,  1000  cycles 
Added  Loss,  A  5  03  dB 

0.00/0.00  dB 

0.00/0.00  dB 

Cyclic  Flexing 
2S'  C 

DOO  STD.U7S,  2*M 
Mandrel  Dia.  =  11.5  mm 

2  kg,  2000  cyckf 

A  5  0.5  dB 

0.00/0.01  dB 

0.00/0.01  dB 

3 

Cyclic  Flexing 
71*  C 

DOD-STD-I07S,  2010 
Mandrel  Dia.  =  12J  mm 

2  kg.  2000  cycles 

A  5  0  J  dB 

0.01/0.03  dB 

0.00/0.02  dB 

Cyclic  Flexing 
-46'  C 

DOD-STD-U78.  2010 
Mandrel  Dia.  ~  lU  mm 

2  kg,  2000  cycles 
Aiosm 

0.00/0.00  dD 

OOL/0.02  dB 

Impact 

25' C 

DOD.STD.l«7«,  2030 

0.5  kg,  100  cycles 

IS  cm,  A  5  0  j  dB 

0.00/0.01  dB 

0.00/0.01  dB 

4 

Impact 

71' C 

DOD-STD-1078,  2030 

OS  kg,  SO  cycles 

15  cm,  A  5  04  dB 

0.00/0.01  dB 

0.00/0.01  dB 

Impact 
■At-  C 

DOD.STD.lt7S,  2030 

04  kg,  50  cycles 

15  cm,  A  5  04  dB 

0.00/0.00  dB 

0.00/0.01  dB 

s 

Cold  Bend 
-4«'C 

DOD-STD-ltTS,  2020 
Mandrel  Dia.  -  124  mm 

5  kg,  3  Tura 

A  5  04  dB 

0.00/0.00  dB 

0.00/0.00  dB 

6 

PreeaJng 

Water 

Immersion 

DOD-STD-lt78,  4050 
-10'  C,  24  Hrs; 

•2'  C.  1  Hr 

A  5  04  dB 

0.02/0.07  dB 

0.01/0.01  dB 

7 

Knot 

DODC-85B45 

300N  (66  Ibf) 
Mandrel  Dia.  s  123  nm 

A  <  03  dB 

0.34/0.46  dB 

0.06/0,08  dB 

8 

Compression 

DOD  STD  1678.  2040 
lO.I  cm  Dia. 

450N  (100  ibn 

A  <  03  dB 

0.00/0.01  dB 

0.02/0.02  dB 

9 

Tensile 

Strength 

EIA-455-33A 

270N  (60  Ibn 
Elongation  <  2.0% 

A  <  03  dB 

<  0.5% 

0.00- 0.04  dB 

<  0.5% 
0.00/0.00  dB 

10 

Operating 

Tensile 

Loading 

E1A-455-33A 

ISON  (40  IbO,  24  Hrs 

A  <  0.5  dB 

0.11/0.13  dB 

0.33/0.37  dB 

11 

Flammability 

DOD-STD-1678.  5010 

60  Angle  Test 

Flame  travel 
distance  5  10  cm 
Fjitinguish  <  30  .sec. 

4.14/4.26  cm 
<1  sec. 

3.40/3.61  cm 
<1  sec. 
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CONCLUSIONS 


The  single  fiber  tactical  cables  described  herein  meet  and 
surpass  all  the  optical,  environmental  and  mechanical 
requirements  imposed  by  the  Military  Specification,  DOD- 
C-85045C,  "General  Specification  for  Fiber  Optics  Cables 
(Metric)".  Cables  with  different  fiber  types  have  been 
developed  for  use  in  varied  tactical  applications.  The 
technology  utilized  in  the  design  and  development  of  these 
cables  is  similar  to  that  of  their  .single  and  two  fiber  single¬ 
mode  and  multimode  predecessors,  enhancing  field 
serviceability,  compatibility  and  maintainability. 
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ABSTRACT 


The  overwhelming  advantages  of  fiber-optic  technology  for 
shipboard  application  are  many  and  are  well  known.  In 
addition  to  weight  and  space  savings,  it  also  offers  immunity 
from  electromagnetic  interference,  accommodation  of  future 
technological  growth,  etc.  Application  of  fiber-optic 
technology  for  shipboard  systems  poses  a  very  challenging 
and  difficult  task  of  the  development  of  transmission  cables. 
Fiber-optic  cables  for  shipboard  application  are  one  of  the 
most  complex  and  demanding  to  design  and  manufacture.  The 
stringent  design  specification  is  primarily  derived  from  the 
considerations  of  safety  of  personnel  aboard  ship,  and  the 
operation,  reliability  and  survivability  of  the  shipboard 
systems.  Shipboard  fiber-optic  cables  with  a  low/no-halogen 
thermoplastic  jacket  material  have  been  developed.  Cable 
designs  with  different  fiber  counts  were  manufactured  and 
evaluated  using  the  existing  specification.  This  paper  presents 
the  cable  designs  and  performance  results. 

INTRODUCTION 

Fibe''-optic  technology,  the  transmission  medium  of  choice  for 
comi  lercial  telecommunications,  is  now  becoming  a  medium 
of  choice  in  military  applications.  Fiber-optics  is  currently 
being  used  and/or  experimented  with  in  several  military  and 
specialty  applications,  such  as  in  tactical,  aircraft,  fiber-optic 
guided  missiles  and  other  weapon  systems,  control  systems, 
computers  and  telecommunications.  The  U.  S.  Navy  is  also 
working  very  intensely  to  efficiently  integrate  fiber  optics  in 
both  shipboard  systems,  and  ship-to-shore  and  shore  facilities. 
With  regard  to  shipboard  systems,  the  U.S.  Navy  has 
recognized  the  overwhelming  advantages  fiber  optic  systems 
can  provide  to  enhance  a  ship’s  operational  capability.  It 
should  be  noted  that  fiber  optics  affords  the  opportunity: 

•  to  remove  tens  of  thousands  of  pounds  from  a  ship’s 
weight  and  reduce  cable  space  requirements  by  providing 
cables  that  arc  lightweight  and  have  small  diameters 


(volume),  yet  increase  the  information  carrying  capability 
compared  to  present  copper  cable  systems,  thereby 
enhancing  the  ship’s  operational  capability.  It  is  estimated 
that  as  much  as  90%  weight  and  space  reduction  of 
transmission  media  can  be  achieved  by  replacing  copper 
cables  with  fiber-optic  cables. 

•  to  integrate  all  ship’s  systems  and  sub-systems,  i.e., 
control  (machinery),  sensors,  alarms,  weapons, 
surveillance,  telecommunications,  administration,  video, 
etc.,  into  a  single  survivable  network  aboard  a  ship. 

•  to  be  assured  that  this  network  is  capable  of  sustaining 
technological  and  capacity  growth,  and  that  the 
components  are  designed  to  last  for  the  life  of  the  ship. 

•  to  implement  a  cable  plant  that  provides  immunity  against 
electromagnetic  pulse  (EMP),  electromagnetic  interference 
(EMI),  and  radio  frequency  interference  (RFI)  and  that 
requires  no  sheath  grounding. 

•  to  install  a  cable  plant  that  is  more  secure  and  has  crosstalk 
better  than  -100  dB  (eg.  TEMPEST). 

•  to  achieve  cost  effectiveness  when  compared  to  copper- 
based  systems  and  to  enhance  the  overall  reliability, 
survivability,  and  capability  of  a  new  class  of  warships. 

In  order  to  achieve  all  of  the  above  advantages,  fiber-optic 
cables  for  shipboard  application  are  being  developed.  The 
design,  development  and  manufacture  of  shipboard  cables  are 
demanding  and  difficult,  because  of  the  stringent  performance 
requirements.  This  stringent  design  specification,  MIL-C- 
0085045D  (NAVY),  is  primarily  derived  from  the 
considerations  of  safety  of  personnel  aboard  ship,  and  the 
operatic  n,  reliability,  and  survivability  of  the  shipboard 
systems. 

The  above  specification  requires  that  the  cables  have  low 
toxicity,  contain  low  or  no-halogen,  generate  low  smoke  and 
acid  gas,  be  flame  retardant,  operate  under  extreme  operating 
and  storage  temperature  ranges,  withstand  stringent 
mechanical  requirements  and  very  high  water  pressure, 
survive  hostile  fluids  at  high  temperature,  and  meet  other 
demanding  criteria.  All  the  above  requirements,  individually 
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and  in  most  combinations  thereof,  can  be  met  with  appropriate 
material  selection  and  cable  design  features.  Meeting  all  of 
the  requirements  simultaneously  without  any  exceptions  may 
be  very  difficult  and/or  may  result  in  expensive  cables.  For 
example,  meeting  the  high  temperature  fluid  exposure 
requirement  may  call  for  radiation  crosslinking  or  continuous 
vulcanization  of  jacketing  materials.  There  are  some 
thermoplastic  materials  available  which  will  meet  the  fluid 
requirements,  but  are  too  stiff  for  shipboard  applications. 
These  aspects  make  the  design,  development,  and  manufacture 
of  shipboard  cables  most  difficult  and  challenging.  The 
design,  development,  and  performance  evaluation  of  one-, 
four-,  and  eight-fiber  cables  with  either  radiation-hardened 
62.5/125  |im  multimode  or  single-mode  fibers  for  shipboard 
applications  have  been  completed  and  are  presented  below. 


CABLE  DESIGNS 


The  development  of  one-,  four-,  and  eight-fiber  shipboard 
cables  has  been  completed.  The  building  block  for  the  four- 
and  eight-fiber  cables  is  a  single  fiber  cable.  This  single-fiber 
cable  is  commonly  known  in  the  U.  S.  military  as  the  Optical 
Fiber  Cable  Component  (OFCC).  The  cross  section  of  the 
2.0-mm  outer  diameter  OFCC  is  given  in  Figure  1.  The 
OFCC  uses  either  a  radiation-hardened  62.5/125  pm 
multimode  or  the  8.8  pm  mode-field  diameter  depressed-clad 
single-mode  fiber.  The  fiber  is  tight  buffered  to  a  diameter  of 
900  pm  with  a  polyester  elastomer  material.  The  OFCC 
contains  this  buffered  fiber  as  the  core,  surrounded  by 
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Figure  1.  Cross  Section  of  Optical  Fiber  Cable  Component 
(OFCC) 


Kevlar®  yam  strength  members  and  a  low-halogen  outer 
jacket. 

An  isometric  view  of  the  four-fiber  cable  is  presented  in 
Figure  2.  The  cable  consists  of  a  central  waterblocking  yam 
with  four  single  fiber  cables  stranded  over  it  along  with 
waterblocking  yams.  Over  the  OFCC  units,  two  layers  of 
Kevlar®  yam  strength  members  are  stranded  with  opposite  lay 
directions  along  with  waterblocking  members.  A  low-halogen 
outer  jacket  is  then  extruded  over  the  Kevlar®  yam  strength 
members.  The  components  and  the  cable  were  designed  such 
that  the  cable  is  very  flexible,  compact,  and  meets  the 
waterblocking  requirement  more  than  adequately.  The  outer 
diameter  of  the  four-fiber  cable  is  8.0  mm. 

An  isometric  view  of  the  eight-fiber  cable  is  presented  in 
Figure  3.  As  can  be  seen  in  the  figure,  the  eight-fiber  cable 
design  and  constmciion  are  very  similar  to  those  of  the  four- 
fiber  cable  except  for  the  fiber  count.  The  outer  diameter  of 
the  eight-fiber  cable  is  1 1 .25  mm. 


PERFORMANCE  RESULTS 


The  shipboard  cable  performance  evaluation  consists  of 
optical,  chemical,  environmental  and  mechanical  tests. 
Optical  propenies  along  with  numerous  other  dimensional  and 
mechanical  requirements  are  checked  at  the  fiber  stage,  and 
fibers  which  meet  all  the  specifications  arc  then  used  for 
cabling.  The  fibers  used  were  proof  tested  to  690  MPa.  The 
wavelength  of  operation  for  the  multimode  cables  is  1300  nm, 
though  they  may  also  be  operated  at  850  nm.  Similarly,  the 
wavelength  of  operation  for  the  single-mode  cables  is  1310 
nm  and  may  also  be  operated  at  1550  nm.  The  following  test 
results  correspond  to  the  primary  wavelength  of  operation  at 
1300  nm  region.  The  general  and  optical  properties  of  the 
cables  are  given  in  Table  1. 

The  chemical  tests  consist  of  acid  gas  generation,  halogen 
content,  toxicity  index,  and  fire  and  smoke  properties.  The 
requirements  of  these  tests  and  the  results  are  presented  in 
Table  11.  The  one-,  four-,  and  eight-fiber  cables  meet  the  acid 
gas  generation,  halogen  content,  and  toxicity  index 
requirements  with  good  margin.  The  halogen  content  results 
correspond  to  the  total  content  of  the  four  halogens,  namely 
fluorine,  chlorine,  bromine  and  iodine. 

Table  111  shows  the  fire  and  smoke  properties  of  the  cables. 
The  fire  and  smoke  properties  are  also  a  part  of  the  chemical 
propenies.  The  cables  pass  the  IEEE-383  flame  test.  While 
the  IEEE-383  test  is  not  required  by  the  specification,  the 
cables  were  tested  and  the  results  are  reponed  for  information. 
The  specification  requires  the  UL-910  plenum  cable  fire  test. 
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Figure  2.  Isometric  View  of  4-OFCC  Shipboard  Cable 


Figure  3.  Isometric  View  of  8-OFCC  Shipboard  Cable 
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TABLE  I.  GENERAL  AND  OPTICAL 
PROPERTIES  OF  SHIPBOARD  CABLES 


PARAMETER 

CABLE  DETAIL 

Cable  Designs 

1.  4.  and  8  OFCCs 

Fiber  Types 

62.5/125  urn  Rad-Hard  Multimode 
and  Single-mode 

Specification 

MIL-C-00eS045D  fNAVY) 

Jacket  Material 

Thermoplastic 

Primary  Wavelength 
of  Operation 

1300  nm  for  Multimode 

1310  nm  for  Singlo-modc 

Cabled  Fiber 

Maximum  Attenuation 

2.0  dB/km  for  Multimode 

1.0  dB/km  for  Single-mode 

TABLE  II.  CHEMICAL 


with  two  modifications  to  the  requirements.  The  first  modified 
requirement  is  that  the  flame  spread  time  product  value  for  the 
cable  for  the  first  ten  minutes  of  the  test  using  the  ASTM-E-84 
procedure  shall  be  less  than  or  equal  to  27.5  m-min.  The 
standard  UL-910  requirement  is  that  the  flame  spread  should 
be  less  than  or  equal  to  1.52  m  for  the  total  test  duration  of  20 
minutes.  The  second  modified  requirement  is  that  the  cable 
should  meet  the  standard  UL-910  smoke  requirements 
(average  optical  density  <0.15  and  maximum  optical  density 
<  0.5)  or  the  cable’s  specific  optical  density  under  flaming 
combustion  (D„)  using  ASTM-E-662  procedure  should  be  < 
225.  The  above  modified  requirements  are  applicable  for 
four-  and  eight-fiber  cables  only.  TTie  single-fiber  cable 
(OFCC)  is  not  required  to  meet  any  of  the  above  requirements, 
except  the  ASTM-D-662  specific  optical  density  under 
flaming  combustion  requirement.  The  table  shows  that  all  the 
cables  meet  the  specified  fire  and  smoke  requirements. 

riES  OF  SHIPBOARD  CABLES 


CABLE  PERFORMANCE 

TEST 

REQUIREMENT 

1-OFCC-MM 

4-OFCG-MM 

8-OFCC-MM 

and  1-OFCC-SM 

and  4-OFCC-SM 

and  8-OFCC-SM 

Acid  Gas  Generation 

MIL-C-0085045D  (NAVY) 

<  2.0% 

0.02* 

0.19* 

0.16* 

Halogen  Content 

MIL-C-008504SD  (NAVY) 

<  0.2* 

0.01* 

0.04* 

0.03* 

Toxicity  Index 

NES  713 

<  5.0 

3.36 

3.02 

2.16 

Fungus  Resistance 

MIL-STD-810,  Method  508 
Grade  1 

Grade  1 

Grade  1 

Grade  1 

MM  -  Multimode  ;  SM  -  Single-mode 


TABLE  III.  FIRE  AND  SMOKE  PROPERTIES  OF  SHIPBOARD  CABLES 


CABLE 

PERFORMANCE 

TEST 

REQUIREMENT 

^-OFCC-MM  4-OFCC-MM 

and  1-OFCC-SM  and  4-OFCC-SM  a 

8-OFCC-MM 

nd  8-OFCC-SM 

IEEE-383 

Flame  Spread  <  2.4  m 
(Not  a  Requirement) 

?..2  m 

1.3  m 

1.3  m 

Flame  Propagation  and 

Smoke  Generation 

UL  910 

Average  Optical  Density  <  0.15 
Maximum  Optical  Density  <  0.5 
Flame  Spread  -  Time  Product  for 
First  10  Minutes  <  27.5  m-min 

0.02- 

0.25- 

40.5  m-min- 

O.ff 

0.5 

12.8  m-min 

0.09 

0.44 

10.9  m-min 

Specific  Optical  Density 

Under  Flamming  Combustion 

ASTM-E-ee2 

D„  <  225 

56 

50 

170 

•  -  Not  a  Requirement  for  1-OFCC-MM  or  1-OFCC-SM  Cables 
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Three  of  the  most  important  environmental  tests  fur  shipboard 
applications  are  thermal  shr  .  k,  temperature  cycling  at  high 
humidity,  and  accelerated  iging.  The  cable  same  set  of 
samples  was  subjected  to  each  of  the  above  three  tests.  The 
results  of  thermal  shock  test  are  given  in  Table  IV.  After  the 
thermal  shock  test,  the  samples  were  then  exposed  to  the 
temperature-humidity  test.  The  temperature-humidity  cycle  is 
presented  in  Figure  4.  The  results  of  the  temperature- 
humidity  cycling  performance  for  the  one-,  four-,  and  eight- 
fiber  cables  are  given  in  Figures  5  through  7,  respectively. 
Each  figure  includes  results  for  both  the  multimode  and 
single-mode  versions  of  the  cable.  The  samples  were  then 
subjected  to  the  accelerated  aging  test.  In  the  accelerated 
aging  test,  the  cables  were  subjected  to  a  constant  temperature 
of  100°C  for  240  hours.  The  results  of  the  accelerated  aging 


f)erformance  for  the  one-,  four-,  and  eight-fiber  cables  are 
given  in  Figures  8  through  10,  respectively,  and  each  figure 
includes  results  for  both  the  multimode  and  single-mode 
versions  of  the  cable.  The  cables  meet  and  surpass  the 
requirements  for  the  three  environmental  tes.^'  showing 
excellent  performance. 

The  cables  were  then  subjected  to  a  long  list  of  environmental 
and  mechanical  tests.  The  remaining  environmental  tests 
include  thermal  shock,  gas  flame,  weathering,  fluid 
immersion,  water  absorption,  salt  spray,  jacket  self-adhesion 
or  blocking,  vibration,  and  shock.  The  mechanical  tests 
include  tensile  loading,  dynamic  bend,  cyclic  flexing,  torsion, 
flexure,  twist  bending,  crush,  radial  compression,  impact, 
comer  bend,  dripping,  hydrostatic  pressure,  waterblocking, 
cable  jacket  tear  strength,  cable  abrasion  resistance,  cable 


TABLE  IV.  THERMAL  SHOCK  TEST  RESULTS  FOR  SHIPBOARD  CABLES 


TEST 

REQUIREMENT 

1-OFCC-MM 

1  OFCC-SM 

CABLE  PERFORMANCE 

4-OFCC-MM  4-OFCC-«’.i  8-OFCC-MM 

3'OrCC-SV* 

Thermal  Shock 

EIA~455-160,  AOded  Loss 
<  0.5  dB/km  for  Multimode 
<  0.3  dB/km  for  Single-mode 

0.00  dB/km 

0.02  dB/kn 

0.15  dB/km 

0.06  dB/km  0.25  dB/km 

0  03  dB/km 

Figure  4.  Temperature-Humidity  Cycle  for  Shipboard  Cables 
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REQUIREh^NT 
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THE,  DAY 
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Figure  8.  Accelerated  Aging  Test  Results  for  1-OFCC  Cables 

shrinkage,  cable  element  removability,  and  durability  of 
identification  markings.  The  7.0  MPa  hydrostatic  pressure  test 
is  intended  for  qualifying  the  cable  for  submarine  applications. 
For  brevity,  the  results  for  the  remaining  environmental  and 
mechanical  tests  are  not  reported  and  are  available  upon 
request  from  the  authors.  The  remaining  environmental  and 
mechanical  performance  of  the  cables  either  meets  or 
surpasses  the  specification  requirements  in  terms  of  test 
loading,  number  of  cycles,  and/or  attenuation  change. 


Figure  9.  Accelerated  Aging  Test  Results  for  4-OFCC  Cables 
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CONCLUSIONS 

The  design,  development,  and  performance  evaluation  of 
fiber-optic  cables  with  one-,  four-,  and  eight-fibers  for 
shipboard  systems  have  been  completed.  The  cables  either 
meet  or  surpass  the  requirements  specified  in  the  MIL-C- 
00850450  (NAVY)  specification. 
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Figure  10.  Accelerated  Aging  Test  Results  for  8-OFCC  Cables 
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Summary 

Small  infrared  antennas  in  a  wireless  optical  system 
have  the  dual  task  of  uniformly  radiating  and  360  - 
degrees  receiving  of  incoming  optical  signals.  Con¬ 
ventional  hemispherical  antenna  fixtures  present 
problems  associated  with  the  flexibility  of  the  an¬ 
tenna,  the  shadows  due  to  obstacles  and  the  large 
number  of  p-i-n  detectors  that  are  required.  In  this 
paper  fiberoptic  assemblies  are  presented  that  could 
replace  the  conventional  IR  antennas.  For  maximum 
efficiency,  the  bundle  of  optical  fibers  can  be  used 
to  form  an  assembly  in  combination  with  the  so  call¬ 
ed  detector-immersion-lens  technique.  This  results 
in  a  reduced  number  of  photodetector  diodes,  and  in 
some  amplification  since  the  maximum  concentration 
achievable  in  diffuse  radiation  with  an  immersed  ab¬ 
sorber  in  a  dielectric  medium  of  index  of  refraction 
n,  is  approximately  n  . 

Intoduction 

Today,  local  area  networks  (LANs)  for  communica¬ 
tions  are  characterized  by  fast  evolution  resulting 
in  multiple  problems  in  interconnecting  terminals 
and  peripherals  due  to  the  large  number  of  cables, 
either  they  are  cooper  wires  or  fiber  opticsl. 

An  alternative  technique  for  confined  spaces  is 
the  use  of  infrared  (IR)  diffuse  light  channel'^’'’. 
Using,  for  example,  IR  wireless  terminals  in  the 
form  of  a  network  for  in-house  communication(e.g. , 
in  laboratories,  offices,  classrooms,  etc.),  pre¬ 
sents  many  advantages  including  cost  reduction  dur¬ 
ing  the  installation  and  elimination  of  Electroma¬ 
gnetic  Interference  (EMI). 

In  a  system  like  the  above,  data,  voice  and 
other  information  are  coded  and  nodulated  into  a 
carrier  frequency  that  rides  on  an  infrared  diffuse 
-light  channel  from  terminal's  or  ceiling  transpon¬ 
der's  IR  light-emitting  diode  (LED)  array  forming 
the  transmitter  to  a  receiver's  p-i-n  diode  array 
on  a  terminal.  In  such  a  system  (Fig.i)  radiation 
transmitted  by  the  LEDs  of  the  transmitter  at  SDOns 
are  diffusely  scattered  from  the  surrounding  walls, 
ceiling,  and  other  objects  in  the  room,  thus  filling 
the  whole  space  with  optical  signal  carrier.  Rece¬ 
ption  is  nondi rectional ,  i.e.,  the  photodiodes  (ac¬ 
tually  p-i-n  arrays)  receive  the  incoming  radiat’on 
from  a  wide  field  of  view  (FOV). 

In  the  IR  diffuse  light  communication  channel  a 
difficulty  is  encountered  not  only  in  uniformly  dis- 


Figure  1:  Typical  free-space  IR  optical  link  in  in¬ 
door  appl ications. 


tributing  the  optical  power  in  the  room,  but  also 
in  collecting  and  directing  to  detectors  light  sig¬ 
nals  coming  from  omnidirectional  sources.  One  way 
is  to  use  a  large  number  of  LEDs  and  p-i-n  diodes 
on  a  hemispherical  or  spherical  antenna.  However, 
such  a  solution  is  costly  because  a  large  number  of 
detectors  must  be  used  to  avoid  IR  signal  shadows 
due  to  obstacles  in  a  room.  Another  problem  is  the 
high  capacitance  of  parallel  connected  detectors 
that  degrades  the  performance  of  receiver  (lower 
operating  frequency) . 

In  this  paper,  a  different  solution  is  proposed 
in  which  optical  cable  assemblies  are  considered. 
Such  assemblies  are  flexible  and  can  feed  the  photo¬ 
detectors  from  different  directions  and  through  va¬ 
rious  optical  obstacles.  Foi  maximum  efficiency, the 
bundle  of  optical  fibers  can  be  used  in  combination 
with  the  detector  -  immersion-lens  technique. 

Present  State  of  the  Art  of  IR  Antennas 

for  Indoor  Applications . 

Problem  Areas 

The  problems  in  designing  an  IR  radiating  /re¬ 
ceiving  antenna  ("fixture")  are  due  to  the  following 
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Figure  2:  Conventional  hemispherical  IR  antenna  configurations:a)  Sketch  of  LED  assembly  with  individual 
reflector's  and  top-flat  reflector. b)  LED  uniform  radiation  distribution  pattern,  c)  Mixed  LED 
and  p-i-n  diode  arrangement. 


reasons  :  1)  Infrared  radiation  is  not  visible;  the¬ 
refore,  special  equipment  and  test  setups  are  re¬ 
quired  to  establish  its  level  at  various  points  or 
zones  in  an  indoor  installation.  2)  A  relatively 
large  number  of  small  IR  sources  have  to  be  mounted 
in  such  a  way  that  an  ptimized  illuminating  fixtu¬ 
re  is  formed.  3)  The  same  fixture  usually  must  in¬ 
corporate  not  only  the  IR  soures,  but  also  the  IR 
detectors.  4)  Driving/ receiving  and  other  electro¬ 
nic  control  circuitry  may  have  to  be  included  in 
the  same  fixture.  5)  Fixtures  for  ceiling  mounting 
would  be  different  than  corresponding  fixtures  used 
in  each  IR  tel  set  or  in  other  terminals^. 


Conventional  IR  Radiating  Configurations. 


To  meet  the  regirement  of  uniformly  distributing 
IR  energy  in  a  room  with  somewhat  symmetrical  di  - 
mensions,  a  hemispherical  fixture  can  be  used 
(Fig. 2a).  On  this  fixture  the  LEDs  can  be  arranged 
to  form  among  them  (groups  of  three)  triangles  whose 
each  side  presents  an  "opening"approximately  equal 
to  the  angle  (-3dB)  of  their  radiated  power.  All 

angles  (Fig. 2b)  are  equal,  i.e.,  ai=ap= . afj,  so 

that  the  total  radiation  is  approximately  uniform  to 
all  directions.  On  the  other  hand,  the  photodiodes 
(p-i-n)  can  be  placed  at  the  center  of  every  other 
triangle  formed  by  the  LEDs  on  the  same  hemispheri¬ 
cal  base  (Fig.2c)^.  This  is  possible  because  trans¬ 
mitting  and  receiving  in  the  up-and  down  -link  (to 
and  from  center  transponder  unit)  takes  place  atdif 
ferent  times  and  there  will  be  no  crostalk.  Here  too. 
it  is  very  desirable  that  the  sensitivity  angles 
(-3  dB)  be  equal  to  those  of  LEDs  for  uniformity 
purposes.  It  is  also  to  be  noted  that  in  certain  ca¬ 
ses  a  spherical  structure  could  be  used.  These  IR 
antenna  fixtures,  however,  are  expensive  since  a 
large  number  of  LEDs  and  p-i-n  detectors  have  to  be 
mounted  on  the  external  surface  on  the  hemisphere 
(or  sphere).  Especially,  as  mentioned  previously, 
the  large  number  of  detectors  that  are  needed  in  or¬ 
der  to  avoid  IR  signal  shadows,  results  in  degrated 
detection  performance. 


Fiber  Cone  Assembly  for  IR  Signal  Guiding 

A  fiber  bundle  designed  in  the  form  of  a  cone 
(Fig. 3),  where  the  entrance  diameter  is  larger  than 
the  exit  diameter  transmits  and  reduces  the  image 


APERTURE 
,  STOP 


Figure  3:  Fiber  opric  cone  with  focusing  external 
1  ens . 

5 

size  and  conveys  it  from  one  plane  to  another  .The 
gain  G  of  this  structure  is  given  by  the  relation¬ 
ship: 

✓  rl  .N  t  Q  .  . 


1-coseg 
^  "  l-cos0i 


where:  d,,  d^  =  the  entrance  and  exit  diameters  of 
the  cone 

I  =  the  transmission  efficiency  of  the 
bundl e 

0.,  0  =  the  incident  and  exit  angles  of 

the  ray. 

For  the  critical  angle  in  a  fiber  we  have: 

'‘"“c-  T  (“i' -  "aO 


where  :  N,,  N2 ,  Ng  =  the  indices  of  refraction  cf 
the  core,  coating,  and  sur  - 
rounding  medium,  respectively 

For  the  case  a  fiber  cone  the  critical  angle 
will  be  as  fol lows  :  1/2 


«c  ■  -t  >- 


The  surface  of  a  convetional  lens  is  curved 
and  all  rays  reaching  the  lens  are  bent  to  form 
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an  image  focused  on  one  or  more  detectors.  For  a 
fiber  cone,  no  such  ordered  phase  relationship  ex¬ 
ists  and  an  image  must  be  formed  at  the  cone 
entrance  by  an  external  lens  (Fig. 3). 

Combined  fiberoptic  and  Detector- Immersion-Lens 
Assembl y . 

The  incorporation  of  a  lens  in  front  of  the  fi¬ 
ber  cone  (Fig. 3)  creates  a  problem  since  light  sour¬ 
ces  (LED)  have  to  be  used  in  the  same  assembly.  An 
alternative  configuration  is  shown  in  Fig. 4.  It 
can  be  made  in  hemispherical  (spherical  is  also 
possible)  form  where  fiberoptic  pieces  have  been 
placed  vertically  to  an  immersion-lens  combination 
and  surrounded  by  a  plastic  material. 


Fiber 


Lens 


Figure  4  ;  Fiberoptic  assembly  in  combination  dete¬ 
ctor-immersion-lens  . 

In  comparison  to  the  fiber  cone  the  hemispheri¬ 
cal  scheme  for  ceiling  mounting  or  the  spherical 
scheme  as  a  terminal  mounted  antenna  have  the  fol¬ 
lowing  two  major  advantages; 

1)  The  LEDs  can  easily  be  accommodated  on  the  sur¬ 
face  of  the  antenna  or  they  can  be  inserted 

in  small  wells  with  or  without  small  reflectors 
with  their  edge  flashed  to  the  external  surface 
of  the  hemisphere. 

2)  Using  an  immersion  lens,  a  gain  equal  to  the 
square  of  index  of  refraction  n  can  be  achieved 
as  explained  below. 

The  possibility  of  using  reflectors  or  immer¬ 
sion  lenses  to  enhance  the  output  of  detectors  of 
diffuse  (homogeneous  and  isotropic)  radiation  en  - 
countered  in  scatter  communication  systems  (room 
with  diffuse  IR  light)  is  of  very  high  interest. 
According  to  the  theory,  reflectors  can  yield  no 
optical  gain,  whereas  immersion  lenses  can  provide 
gain  equal  to  n^,  where  n  is  the  index  of  refraction 
of  the  immersion  medium  The  immersion  lens  in 
the  proposed  assembly  is  shown  separately  in  Fig. 5. 
The  geometrical  -optics  reasoning  shows  that  the 
hemisphere  will  exhibit  n2  optical  gain  (neglect¬ 
ing  Fresnel  losses)'  provided  that  the  size  L  of 
the  detector  is  small  compared  with  Rj/n,  where  L 
and  R  are  of  the  same  dimensions.  Considering,  for 
example,  a  plastic  lens  with  n=  1.33,  the  gain 


Figure  5;  Practical  detector- immersion  lens  combi¬ 
nation  . 

would  be  nZ=  (1.33)^  ~  1.77  (Theoretical). 


Fiberoptic  Properties  Affecting  IR  Antenna  Assently 

Single-mode  or  fiber  bundles  have  been  "jsed  in 
the  past  in  visible  and  near-lR  related  technolo¬ 
gies,  e.g.,  in  spectroscopy.  Recently,  this  techno¬ 
logy  has  gained  popularity  in  the  IR  region . Quartz 
or  silica  fibers  are  used  in  visible,  while  fluoride 
and  now  chalcogenide  fibers  are  used  in  the  IR  re¬ 
gion.  Special  fiberprobe  assemblies  can  be  used 
with  transmission  and  attenuated,  specular,  and 
diffuse  reflectance  heads  for  various  sampling  re¬ 
quirements.  High-sensitivity  detectors  are  recom  - 
mended  for  use  with  these  accessories. 

As  in  all  fiberoptic  applications,  in  order  to 
achieve  optimum  IR  antenna  assembly  performance, 
when  fibers  are  used,  certain  major  parameters 
should  be  taken  into  account  when  selecting  the  cor¬ 
rect  fiberoptic  type.  In  general  ,  step-index  fiber 
could  be  selected  for  low  data  rate  applications, 
graded- index  for  medium  to  high  data  rates,  and 
single-mode  for  very  high  data  rates^.  On  the  other 
hand,  step-index  fiber  presents  lower  sensitivity 
to  microbending  losses  and  it  has  nearly  twice  the 
aiiDunt  of  light-coupling  efficiency  of  graded-index 
fibers . 

As  an  illustrative  example  here,  we  consider 
the  effect  of  core  size  and  numerical  aperture(NA) 
on  the  power  throughput  of  graded  -index  optical 
fibers  (Fig.6a)5.  The  output  powers  are  shown  as 
a  percentage,  relative  to  the  output  of  a  reference 
fiber,  with  50-um  core  and  0.29  NA.  According  to 
the  above  reference,  throughput  measurements  were 
made  with  wavelength  at  850nm,  using  fibers  with 
4  dB/km  attenuation.  Core  size  has  a  very  high  im  - 
pact  on  total  power  transmission  for  available  fi  - 
bers  with  typical  numerical  aperture  and  attenuation 
ranges.  For  instance,  for  an  NA  of  0.20,  loss  rating 
of  4  dB/km,  and  transmission  wavelength  of  850  nm, 
power  output  increases  from  48"  for  a  50um  core  fi¬ 
ber  to  over  1901.  for  a  lOOpm  core  fiber.  These  per¬ 
centages  are  relative  to  the  power  output  of  a  refe¬ 
rence  fiber  with  a  50-uni  core  and  0,29  NA. 
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Conci  usion 


As  a  second  example,  we  consider  the  effects 
of  NA  on  microbending  losses.  Microbending  will  oc¬ 
cur  in  an  IR-antenna  assembly  because  it  is  very  de¬ 
sirable  to  guide  diffuse  IR  light  from  various  points 
to  a  single  point.  As  shown  in  Fig.  6b,  higher  NA 
has  the  advantage  of  higher  resistance  to  microbend¬ 
ing  losses . 


MICROBEND  TEST  LOAD  (kg) 

(b) 

Figure  6  :a)Effect  of  core  size  and  NA  on  the  power 
throughput  of  graded-index  optical  fibers 
b)The  microbend  sensitivity  of  optical  fi¬ 
bers,  According  to  Ref.  9,  the  measure¬ 
ments  were  made  on  100/140  -urn  coated, 
radia tion-hard ,  step-index  fibers. 


In  this  aper,  the  case  of  fiberoptic  IR  antenna  as¬ 
semblies  for  indoor  communications  has  been  discus¬ 
sed.  Of  all  schemes  that  were  studied,  the  hemisphe¬ 
rical  (or  spherical)  assembly  with  fiber  optics  in 
combination  with  detector  -immersion-lens  offers  the 
maximum  efficiency. 
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Abstract 

We  report  the  data  transmission  with  external 
photoeiastic  polarization  modulation  (EPPM)  method.  In 
the  experiment,  the  data  transmission  system  by  EPPM 
is  estimated  to  have  minimum  received  optical  level  of 
-24dBm  and  the  terminals  up  to  25,  when  transmission 
signal  is  1200bit/s  FDM  data.  This  method  enables  data 
transmission  using  a  simple  tap  and  optical  fiber 
remain  unbroken. 


1.  Introduction 

Today,  an  intensity  modulation  scheme  is  widely 
used  to  modulate  light  in  optical  communication 
system.  In  this  report,  we  proposed  a  new  modulation 
method,  which  called  EPPM  method.''  The  proposed 
method  does  not  modulate  the  intensity  of  light 
directly,  it  modulates  polarization  state  of  the  light  by 
applying  an  intentional  vibration  into  fiber.  With  this 
method,  a  voice  communication  has  been  demonstrated 
and  put  into  practical  use.  In  this  report,  we 
described  the  experiment  results  of  a  high  quality 
FDM  data  transmission  using  the  EPPM  method. 


opt  ical  f  tber 


Fig.l  A  transducer  (  piezo-electric  device  )  applies  a 
lateral  stress  into  the  optical  fiber  only  by  clipping  on 
it. 
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2 .  Basics  of  the  EPPM  method  and  experimental  set-up 

The  EPPM  method  utilizes  a  photoeiastic  effect 
introduced  into  the  optical  fiber  with  lateral  stress  by 
piezo-electric  device.  This  effect  causes  phase 
difference  between  x  and  y-axis  components  of 
polarization  of  a  light  signal  in  the  fiber.  This  phase 
difference  is  converted  into  intensity  modulated 
signal  by  polarizer  positioned  in  front  of  the  receiver. 
,4s  shown  in  Fig.l  ,  a  transducer  (  piezo-electric  de¬ 
vice  )  applies  a  lateral  stress  into  the  optical  fiber 
only  by  clipping  on  it.  Since  a  certain  relation  exists 
between  the  drive  voltage  of  the  transducer  and 
phase  differences  in  optical  fiber,  phase  differences 
are  modulated  with  vibration  frequencies  of 
transducer.  This  technique  enables  the  data 
transmission  without  cutting  an  optical  fiber  so  that 
the  data  terminal  equipments  can  be  easily  multiplied. 

Fig. 2  shows  the  schematic  diagram  of  a  data 
transmission  system  using  the  proposed  EPP.M 
technique,  which  consists  of  one  central  control 
equipment  and  N  data  terminal  equipments.  In  the 
system,  frequency  division  multiplexing  (FDM)  with  N 
carrier  frequencies  is  used.  Each  carrier  is  modulated 
by  the  information  signal  with  frequency  shift  keying 
(FSK)  format  at  1200bit/s.  The  central  control 
equipment  identifies  the  each  data  transmitted  from  N 
data  terminals. 
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Fig. 2(a)  The  schematic  diagram  of  a  data  transmission 
system  using  the  EPPM  technique,  which  consists  of 
one  central  control  equipment  and  S’  data  terminal 
equipments,  /(b)  The  scheme  of  terminal  equipment 
and  central  equipment. 
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3.  Experiment 

In  this  experiment,  the  carrier  frequency  is  ranged 
from  l.OOMHz  to  2MHz  corresponding  to  the  mechanical 
resonance  frequency  range  of  the  transducer.  In  the 
data  terminal  equipments,  an  electrical  signal  with  FSK 
format  is  converted  to  a  mechanical  vibration  which  is 
converted  to  a  optical  signal  by  the  EPPM  method.  In 
the  central  control  equipment,  transmitted  optical 
signals  are  detected  by  a  photo  diode  resulting  in  a 
electrical  signal.  Especially  in  receiver  end, 
polarization  diversity  scheme  is  used  to  compensate 
the  influences  of  polarization  fluctuation  caused  by 
vibrations  due  to  dancing,  temperature  change  in 
installed  optical  fiber. 


4  ■  Minimum  receiving  optical  level  and  S/N  ratio 

In  the  data  transmission  of  experiment,  a  l.OOMHz 
electrical  carrier  was  modulated  by  FSK  signals  with 
speed  of  1200bit/s  and  deviation  of  9kHz. 
Piezo-electric  device  is  a  disk  with  1cm  radius,  and 
converts  electrical  signals  into  polarization  modulated 
optical  signals. 

Fig. 3  shows  the  experimental  results  of  BER 
measurement  using  random  signals.  A  minimum 
receiving  optical  level  of  -24dBm  was  obtained  at  BER 
=  10*®,  this  bit  error  rate  (  BER  )  realize  a  high  quality 
data  transmission.®' 


lOE-7 


-26  -25  -24 

■  initniim  receiving  optical  level  (dBm) 


Fig. 3  The  experimental  resuils  of  BFF  measurement 
using  random  signals. 


5  ■  FDM  Performance  Evaluation 

In  the  system  using  EPPM  method,  the  carrier 
frequency  was  restricted  by  the  performance  of  the 
piezo-electric  device. 

In  actual  operation,  influences  of  harmonics  on 
desired  signal  could  be  considered.  Therefore,  a 
frequency  range  of  i.CMHz  to  2.0MHz  was  chosen  in  the 
experiment.  The  maximum  number  of  terminal 
equipment  would  depend  on  the  spacing  of  the  carrier 
frequencies.  The  frequency  spacing  in  FDM  is  mainly 
determined  by  bandwidth  of  the  narrow-band  filter  ( 
ceramic  filter  )  in  the  demodulation  circuit  on  the 
received  equipment.  Fig. 4  shows  the  frequency 
characteristics  of  the  ceramic  filter  with  bandwidth  of 
30kHz.  As  shown  in  Fig.4,  essential  3dB-bandwidth  is 
20kHz. 


Fig.4  The  frequency  characteristic  of  ceramic  filter 
with  bandwidth  of  30kHz. 


It  is  important  to  consider  the  frequency 
variations  of  the  electric  circuit  as  a  margin. 
Frequency  variations  of  the  oscllater  circuit  and  of 
the  other  electric  circuit  can  be  considered  to  the 
cause  of  frequency  fluctuations  detecting  signal  The 
frequenc.v  variations  of  the  oscllater  circuit  is  the 
range  of  ±  Ikllz  for  the  setting  fre<juency.  The 
frequency  variations  of  the  other  electric  circuit  is 
less  than  ±2kHz  by  both  the  transmitter  and  receiver 
side.  As  a  result,  a  total  margin  of  approximatel>  lOkllz 
for  each  side  iz  ''o;,,'’dered  to  be  sufficient.  The 
difference  between  the  resonance  frequency  of  the 
piezo-electric  device  and  the  carrier  frequency,  as 
the  frequency  fluctuates,  will  cause  the  deciease  of 
S/N  ratio. 

The  degradation  of  S/N  is  2dR  near  l.O'tliz  if  the 
frequency  deviates  lOkllz.  At  1.5MHz  and  higher 
frequencies,  the  fi'equencv  band  that  cause  the 
degradation  of  S/N  of  2dB  is  larger  than  50kHz.  Fig. 5 
shows  the  freijuency  characteristics  of  a  l.OOMHz 
piezo-electric  device  when  a  signal  is  applied  to  S''t 
optical  fiber.  The  frequency  t'and  that  cause  the 


International  Wire  &  Cable  Symposium  Proceedings  1991  739 


Thr  of  l.OO>tUi: 

inoyo-oloct no  do\ too  hoii  a  sigiml  is  ^i>pltt‘d  to  5.'/ 
OfUiral  fibor. 


defiradat ion  of  S/N  of  ^dB  is  20kllz.  Those  results 
show  that  the  degradation  of  S/.S  can  be  ignored  for 
the  frequeno  fluetuations  less  than  ± 3kllz  applied  to 
the  pie;:o-eleet  rii'  de\ice. 

Since  the  3dB-ljandwidt  h  of  tlie  I'eraiiiie  filter  is 
2()kllz,  a  inininiuiii  fre<ilR'nc\  tiiiilliplex  spacing  of 
2hkllz  is  possible.  Ai'cording  the  e.\periiiiental  results, 
a  s\steiii  margin  of  L’Dkllz  is  enough,  resulting  a 
miniiiiutii  fi>'<)uetic\'  multiplexing  spacing  of  lOkllz. 

C'onsiiieringto  the  condition  of  bit  error 
generation,  the  minimuni  [lossible  carrier  frecjuencs 
spacing  was  confirmed.  Tlu'  signal  was  a  TSK  signal 
with  a  speed  of  12f)()f)it/s  and  de\iallon  of  hkll/..  fhe 
carrier  with  higher  freqiienc'v  w.as  modulated  b.v 
signals  of  ’()'  and  T  in  proportion  of  1;1  and  the  other 
one  were  modulated  with  a  random  KSK  signal,  flit' 
tests  are  performed  at  l.OOMlh',  -  l.lllMliz  for  lowest 
freiiueticii's  (  f’Ig.i)  )  and  at  1.96.M!z  -  2.0()Mllz  for 
highest  fre<|uencies  (  Fig. 7  ).  And  t  tie  polarization 
states  of  the  o[)tical  fiber  was  varied  1>\  a  reti.rder  at 
the  (iholo-delection  level  of  -21dBm. 


ITg.ii  fhe  frei|uenc,v  eliaraclerr.t  1C  of  1  .lllt'lll,'  .md 
l.dlMII/.  1-SK  sign.il'.. 


Ftp. 7  Tlio  /reijuenc.v  oliarai-lonslio  of  1.96>iliz  and 
2;.0(»tllz  FSk  s/g-na/s. 


(truss  talk  v^as  not  vletected  and  tlie  condition  ■  f 
tut  t'rror  generation  was  no  probltuii  for  the  rec'  iviii^, 
optical  level  of  -21dBm  with  intentional  polarization 
fluctuation.  The  experimental  results  suggest  that 
Fit.'l  tlata  transmission  witii  data  teriihnals  ii)'  to  2fi 
betvxeeti  l.ltOMllz  and  2.bdMllz  in  spacing  IPkll,',  will  lie 
possible  at  a  receiving  opiical  level  of  -T’ldhm. 


6.  _yerifidatipn  of  FDM 

Section  1  and  a  verified  data  transmission  with  a 
miniiiiuiii  receiving  optical  level  of  -2!dBm  and  in 
carrier  freiiuenc.v  spacing  of  lilkll.t.  The  results  of 
veriflcatU'li  tests  coiuhlcled  in  Ihefrequelicv  range  of 
l.lto.'lllz  and  l.DlMllz  w  ere  described  here. 

The  same  communication  method  as 
describeil  in  sei'tions  1  and  :T  was  used.  1  he  HFH  was 
measured  with  the  carrier  freiiuencv  oil  l.UUI'lih: 
signal. 

Fig. 8  shows  tile  comparison  belween  the 
BFK  of  l.OOMllz  signal  with  I  Ifvl  .uni  that  o!  single 
l.biiMllz  signal. 


7.  Concluding 

Ihi-  lest  results  contirm  lliat  .i  elal.i  I  rans.mission 
systems  with  data  terminals  up  to  L'a  ami  miniiiium 
reeeiv  lllg  opt  ic.il  lev  iT  of  g  hlHlIi  will  iie  possible  using 
the  Fppvi  syste’s  for  IbUilbil/s  f  I'M  FSK  signal. 

fhe  FIT''!  iiielhoil  is  effectiv"'  on  up  link,  from 
data  t  ermin.al  ei  jUipiiieiit  s  to  sen  I  ral  con  I  rol  ei  pi  i  pim-n  I . 
lo  complete  a  liuplev  transmission,  a  dinNii  nnk  is  als'i 
necessarv  .  which  can  be  achieved  IsV  i‘llhel  local 
'leteetion  method  ol  the  Use  ol  coupler.  I  he  loi'.li 
I  li  'I  eel  loll  elia  I  )h-  the  data  I  ra  i  isiiussion  w  if  lioi  i '  ci  1 1 1 1 ,  ig 
an  opt  leal  filn-i  ,  t  sing,  the  o]'l  ic.il  ,  imp  Ur  in  dow  n 
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O  single  1.0u!^Hz  signal 

-r  l.OOMHz  signal  sitli  FDM 

Fig. 8  The  comparison  between  the  BER  of  1.00  MHz 
signal  with  FDM  and  that  of  single  l.OOMHz  signal. 
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MEASUREMENTS  OF  LOW  HYDROGEN  LEVELS  IN  INSTALLED  OPEN  FIBEROPTIC 
SUBMARINE  CABLES. 

S.  Hopland 


Norwegian  Telecom 
Cables  Division 
Oslo,  NORWAY 


In  this  report  we  present  new  data  on  the  time 
dependence  of  the  hydrogen  induced  loss  in 
installed  cables  with  various  types  of  armouring. 
Data  are  also  given  on  buried  cables,  installed 
trial  cables  and  cables  stored  on  land.  The 
measurements  cover  the  time  period  from  cable 
production  up  to  4.5  years  after  installation. 


2.  CABLE  CONSTRUCTIONS  AND  MARINE  ENVIRONMENT 

Norwegian  Telecom  uses  sumarine  cables  from  two 
different  cable  manufacturers.  The  cable 
construction  consist  of  a  metal  free  cable  core 
which  may  be  of  the  slotted  core  or  the  loose  tube 
design.  The  cable  core  is  surrounded  by  a  jacket  of 
polyethylene,  and  then  follows  an  armour  consisting 
of  galvanized  steel  wires.  A  rubber  asfalt  or 
bitumen  filling  compound  is  used  around  the  steel 
wires  to  prevent  longitudinal  water  intrusion  and 
corrosion.  Finally,  an  outer  jacket  of  high  density 
polyethylene  is  used  to  give  extra  protection 
against  water  corrosion.  The  cable  construction  for 
the  light  armoured  cable  (LA)  is  shown  in  Fig.  1. 
For  the  heavy  armoured  cable  (HA) ,  an  extra  layer 
of  armour  is  applied  to  provide  extra  tensile 
strength. 


In  the  last  years  several  reports  have  been 
published  on  hydrogen  evolution  in  fiberoptic 
underwater  armoured  cables  with  no  hermetic  barrier 
to  protect  the  fibers  from  hydrogen  ingress  .  In 
these  reports,  there  is  a  general  agreement  that 
hydrogen  evolves  from  corrosion  of  the  armour 
wires.  However,  only  few  investigations  have  been 
made  of  actual  hydrogen  levels  in  installed  cables; 
and  the  measured  hydrogen  levels  have  varied 
several  orders  of  magnitude.  Some  reports  have 
measured  large  hydrogen  levels  in  installed  cables; 
predicting  a  strong  depenence  on  sea  depth  of  the 
hydrogen  level.  Another  report  5  predicts  that 
cable  burial  will  generally  increase  the  hydrogen 
level  significantly  after  a  relatively  short  time. 

In  a  previous  paper  we  reported  very  low  hydrogen 
levels  in  light  armoured  cables  up  to  2.5  years 
after  installation,  with  no  signs  of  any  depth  Figure  1:  Submarine  light  armoured  (LA)  cable 
dependence  on  hydrogen  level.  A  few  measurements  construction, 

made  on  the  time  dependence  of  the  hydrogen  level 
indicated  a  small  Increase  with  time  on  some  of 
the  cables. 


ABSTRACT 

In  this  paper  we  present  new  data  on  the  time 
depenence  of  hydrogen  induced  loss  in  installed 
open  submarine  fiberoptic  cables  with  various  types 
of  armouring.  Generally,  the  time  depenence  of 
hydrogen  induced  losses  in  cables  shows  individual 
patterns.  Heavy  armoured  cables  have  higher 
levels  than  light  amoured  cables  due  to  increased 
amounts  of  armour.  Measurements  made  on  cables 
stored  on  land  have  shown  that  initial  hydrogen 
will  present  in  installed  cables  for  many  years.  LA 
cables  installed  up  to  4.5  years  have  generally 
very  low  hydrogen  levels  with  no  signs  of  any 
delayed  hydrogen  induced  loss  increase  due  to 
water  penetration  through  the  outer  high  density 
polyethylene  jacket.  Measurements  on  buried  cables 
have  not  shown  increased  hydrogen  induced  loss. 
Local  damages  on  outer  jackets  are  few  and 
contibute  very  little  on  total  hydrogen  induced 
loss. 


1.  INTRODUCTION 
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Norwegian  Telecom  uses  submarine  cables  to  build 
parts  of  the  trunk  and  regional  network  along  the 
coastline.  The  cables  are  laid  with  high  precision 
along  optimal  routes  between  landing  points.  The 
routes  and  the  landing  points  are  chosen  to  avoid 
fishing  activities  and  according  to  the  bottom 
topography.  In  the  Norwegian  fjords,  a  cable  route 
will  typically  follow  steep,  rocky  bottom  near  the 
landing  points,  while  the  middle  part  of  the  route 
may  be  flat  with  clay  and/or  sand.  The  cables  are 
usually  laid  directly  on  the  sea  bottom,  but  in 
some  areas  where  fishing  activities  (trawlers) 
cannot  be  avoided,  the  cable  is  buried.  The  burial 
depth  is  determined  according  to  the  sea  bottom 
conditions,  but  will  usually  be  no  less  than  60  cm. 
LA  cable  is  used  in  areas  with  no  risk  of  fishing 
activities,  while  HA  cable  is  used  in  areas  with 
light  fishing  activities  or  on  routes  where  the 
cable  is  buried. 


3.  PREVIOUS  MEASUREMENTS 

Previous  measurements  showed  very  low  hydrogen  in¬ 
duced  losses  on  installed  LA  cables  2.5  years  after 
installation  * .  The  hydrogen  induced  loss  in  the 
same  cables,  measured  on  small  leftover  lengths 
stored  dry  on  land,  had  decreased  to  nearly  zero 
level  in  this  time  scale.  We  also  showed  that 
hydrogen  induced  loss  was  present  in  each  cable 
shortly  after  production  due  to  initial  corrosion 
of  the  armour  wires. 

This  implies  that  if  initial  hydrogen  is  the  only 
hydrogen  generated  in  a  cable,  the  hydrogen  level 
in  cables  will  generally  go  through  some  time 
cyclus  and  eventually  drop  off  to  zero.  Increased 
temperature  will  increase  the  hydrogen  level  and 
shorten  the  time  constants  in  the  cyclus. 

However,  for  installed  cables,  it  seems  reasonable 
to  assume  that,  in  addition  to  initial  hydrogen, 
delayed  corrosion  may  occur  after  some  time  due  to 
possible  water  penetration  through  the  outer  high 
density  polyethylene  jacket. 


4.  NEW  MEASUREMENTS 

Measurements  have  been  made  on  time  dependences  of 
hydrogen  levels  in  installed  cables,  cables  stored 
on  land  and  installed  trial  cables  with  various 
types  of  armouring.  We  have  also  measured  hydrogen 
levels  in  areas  where  cables  are  buried  and  in 
areas  with  damages  on  the  outer  jackets. 

4 . 1  Measured  cables 

Totally,  we  have  measured  35*^0  different  cables 
repeatedly,  both  light  armoured  and  heavy  armoured. 
The  cables  have  been  cables  stored  on  land,  in¬ 
stalled  cables  and  deployed  trial  cables.  The 
length  of  the  installed  cables  varies  between  4  km 
and  20  km  and  the  maximum  Installation  depths 
varies  between  20  m  and  1000  m.  The  deployed  trial 
cables  and  the  cables  stored  on  land  have  been 
mainly  short  lengths.  All  of  the  cables  have  been 


of  the  construction  type  showed  in  Fig.  1,  exept 
for  one  cable  having  a  different  outer  protection 
consisting  of  asfalt/polyprophylene  yarn. 


4.2  OTDR  and  spectral  measurements 

nie  peak  wavelength  of  hydrogen  induced  loss  have 
been  found  to  be  1244  nm  ' » ^  ,  and  by  using  two 
different  OTDR-modules  at  1238  nm  and  1241  nm,  we 
are  able  to  detect  50  H  and  70  %  of  the  loss 
increase  at  1244  nm,  respectively.  For  each  cable  a 
minimum  of  3  fibers  were  measured  every  time,  and 
average  loss  values  were  used  to  calculate  the 
hydrogen  induced  loss  at  1244  nm  and  the  hydrogen 
induced  loss  variations  with  time.  The  time 
interval  beetween  measurements  have  varied 
according  to  the  expected  variations  of  hydrogen 
level.  The  OTDR-modules  at  1238  nm  and  1241  nm  was 
also  used  to  map  out  variations  in  hydrogen  level 
along  the  length  of  each  individual  cable. 

On  the  short  cable  lengths,  fibers  were  looped  and 
spectral  loss  curves  were  made  in  addition  to  OTDR- 
measurements .  OTDR-measurements  at  1310  nm  and  1550 
nm  were  made  each  time  for  control  purposes. 


5.  MEASUREMENTS  RESULTS 


5.1  Cables  not  deployed  in  sea 

If  cable  lengths  for  some  reason  are  not  deployed 
in  the  sea,  they  are  stored  dry  on  land.  Earlier 
measurements  made  on  LA  cables  indicated  that  the 
initial  hydrogen  level  goes  through  some  cyclus  and 
return  to  nearly  zero  level  after  a  time  period  of 
less  than  2.5  years  when  stored  at  an  average 
temperature  of  approximately  +  10  °C  ' .  Since  then, 
we  have  regularly  measured  one  HA  and  one  LA  cable 
length  stored  dry  on  land.  For  the  HA  cable,  the 
storage  temperature  have  followed  air  temperature 
except  for  the  first  20  days  after  production 
(armouring)  when  the  cable  was  stored  in  the 
factory  at  room  temperature.  The  LA  cable  was 
stored  the  first  3  months  in  the  cable  ship  at 
approximately  +  20  °C.  The  results  are  shown  in 
Fig.  2. 


We  register  that  the  HA  cable  reaches  a  first 
maximum  level  in  approximately  2  months.  After 
that,  hydrogen  induced  loss  have  passed  through  two 
minima  and  one  maximum.  The  variations  in  hydrogen 
induced  loss  through  the  year  may  be  explained  by 
air  temperature  variations.  The  average  tempe¬ 
rature  in  the  whole  storage  period  was  ♦7-1  ®C. 
For  the  LA  cable,  the  behaviour  of  the  hydrogen 
induced  loss  is  similar  to  the  HA  cable:  only 
showing  generally  lower  induced  loss. 
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Figure  2:  H2-induced  loss  in  cables  stored  on  land. 


H2-induced  loss  at  1244  nm  (dB/km) 


Time  (days) 


Figure  3:  -induced  loss  in  cables  before 

installation. 


For  the  HA  cable,  we  can  not  register  any  clear 
tendency  for  hydrogen  induced  loss  to  decrease 
during  the  storage  period.  For  the  LA  cable,  there 
is  a  slight  tendency  for  the  induced  loss  to 
decrease  during  the  storage  period,  which  is  in 
agreement  with  our  earlier  measurements  made  on 
leftover  lengths  stored  on  land. 

These  results  implies  that  for  installed  cables, 
at  temperatures  3*5  °  C  ,  initial  hydrogen  will  be 
present  in  the  cables  for  several  years. 


5-2  Cables  before  installation 

Time  meiy  pass  between  the  production  and  the  actual 
installation  of  fiberoptic  submarine  cables; 
varying  from  a  few  days  up  to  one  month.  Therefore, 
cables  may  be  temporarily  stored  in  the  factory  or 
in  the  cable  ship.  We  have  measured  the  hydrogen 
level  in  3  cables  shortly  after  production 
(armouring)  at  a  storage  temperature  of  +  20-25 
The  results  are  shown  in  Fig.  3- 


We  register  that  LA  and  HA  cables  reach  a  first 
plateau  of  hydrogen  induced  loss  within  20-30  days 
after  armouring.  Consequently,  the  thermal  history 
of  a  cable  before  Installation  will  affect  the  time 
dependence  of  hydrogen  level  after  installation. 
Examples  of  this  effect  are  shown  in  chapter  5.3- 


5-3  Installed  cables 

5.3-1  Cables  in  the  first  phase  after  installation 

During  1989,  Norwegian  Telecom  installed  several 
submarine  cables  of  LA  and  HA  type.  We  have 
selected  a  number  of  cables  of  each  type  and 
measured  them  regularly  since  installation.  In  some 
of  the  cables,  the  time  delay  between  production 
and  installation  were  minimal;  only  a  few  days.  The 
rest  of  the  cables  were  stored  in  the  factory  or  in 
the  cable  ship  for  10*30  days  at  +  20*25  °C  before 
they  were  installed. 


In  Fig.  4  and  Fig.  5  is  shown  the  hydrogen  induced 
loss  for  LA  and  HA  cables,  respectively,  up  to  25 
months  after  installation,  for  cables  installed 
shortly  after  production.  The  results  show  that  the 
hydrogen  induced  loss  in  LA  cables  reach  a  first 
maximum  level  or  plateau  4-9  months  after 
Installation.  After  that,  one  cable  has  passed 
through  a  second  maximum,  other  cables  seem  tr>  be 
on  their  way  to  a  second  maximua,  one  cabic 
have  reached  only  one  plateau  so  far.  In  fact,  each 
cable  has  its  own  individual  pattern.  For  the  HA 
cables,  the  time  before  a  first  plateau  is  reached 
is  12-25  months  or  longer. 

Clearly,  the  hydrogen  induced  loss  in  the  HA  cables 
are  on  average  higher  than  in  the  LA  cables  in 
accordance  with  the  greater  amount  of  armour  in  HA 
cables.  Also,  the  time  constants  for  the  HA  cables 
are  longer  than  for  the  LA  cables,  which  one  would 
expect  due  to  longer  diffusion  distemces  for 
hydrogen  in  HA  cables. 
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H2  induced  loss  at  1244  nm  (dB/km) 


Time  after  installation  (months) 

Figure  4:  H^-induced  loss  in  "fresh"  LA  cables 
after  installation. 


H2  induced  loss  at  1244  nm  (dB/km) 


Figure  5:  -induced  loss  in  "fresh"  HA  cables 

after  installation. 


In  Fig.  6  are  shown  the  hydrogen  induced  losses  in 
LA  and  HA  cables  up  to  17  months  after  installation 
for  cables  that  were  stored  for  IO-3O  days  at  +  20® 
C  in  the  cable  ship  before  they  were  installed. 
Hence,  at  the  installation  time,  each  cable  have 
passed  through  a  part  of  its  initial  hydrogen 
course.  For  msiny  cables,  we  can  register  that 
temperature  lowers  the  hydrogen  level  in  the  first 
few  months.  After  that,  each  cable  follows  its  own 
individual  pattern. 


H2  induced  loss  at  1244  nm  (dB/km) 


Figure  6:  H2 -induced  loss  in  "matured"  LA  and  HA 
cables  after  installation. 


5.3-2  Cables  at  longer  times  after  installation 

We  have  also  made  regular  measurements  on  LA  cables 
beeing  installed  for  up  to  50  months.  The  results 
are  shown  in  Fig.  7.  We  register  only  small  changes 
in  hydrogen  induced  loss  with  time.  We  can  also 
here  see  different  patterns  for  induced  loss 
developement  in  the  cables.  There  is  no  evident 
trend  for  any  general  loss  increase  which  could 
indicate  any  delayed  hydrogen  reaction  due  to 
water  penetration  through  the  outer  high  density 
polyethylene  jacket. 


H 2  -  i n d u c e d  loss  at.  1244  n m  (  d B  k m  I 


0  4  Light  armoured  cables 


Time  after  installation  (months) 


Figure  7:  Hj -induced  loss  in  LA  cables  at  longer 
times  after  installation. 
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5.3-3  Cable  with  outer  protection  of  asfalt/poly- 
prophylene  yarn 

Norwegian  Telecom  have  installed  one  7  km  long 
cable  at  a  maximum  depth  of  400-500  m  with  an 
outer  protection  of  asfalt/polyprophylene  yarn.  Up 
to  2  years  after  installation,  this  cable  showed  a 
uniform  low  level  of  hydrogen  induced  loss  along 
its  length  ‘ .  After  that,  the  hydrogen  induced  loss 
in  this  cable  has  increased  steadily.  In 
particular,  the  hydrogen  induced  loss  near  the 
beach  joints  (part  1  and  part  4),  have  increased 
more  than  the  middle  part  of  the  cable  (part  2  and 
part  3):  laying  mainly  on  flat  bottom.  In  Fig.  8 
the  developement  of  hydrogen  induced  loss  for  the 
different  parts  of  this  cable  is  shown.  The  reason 
for  this  developement  may  be  that  the  "shore  ends" 
of  the  cable  are  more  exposed  to  sea  movements 
which  gradually  wash  out  the  asfalt/polyprophylene 
protection  layer  and  cause  increased  corrosion.  The 
deeper  middle  part  of  the  cable,  mainly  laying  on 
flat  bottom,  may  have  moved  into  the  soft  clsiy 
bottom,  or  the  sea  movements  are  less  pronounced; 
hereby  resulting  in  less  corrosion. 


HL'  induced  loss  at  1244  nrn  (dB'km) 
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Figure  8;  Hj-induced  loss  in  different  parts  of  a 
cable  with  outer  protection  of  asfalt/- 
polyprophylene  yarn. 


5.3.4  Trial  cables 

To  find  out  more  about  possible  delayed  reactions 
caused  by  sea  water,  two  short  LA  cable  lengths 
were  deployed  in  sea  water  at  approximate  depths  of 
50-100  m.  These  cable  lenghts  were  leftover  lengths 
from  early  installations,  and  had  been  stored  on 
land  for  2-3  years.  In  these  cables,  the  hydrogen 
Induced  losses  at  1244  nm  were  found  to  be  zero. 
One  cable  was  the  LA  construction  showed  in  Fig.  1. 
while  the  other  cable  had  asfalt/polyprophylene 
yarn  as  outer  protection.  Fig.  9  shows  the  deve¬ 


lopement  of  hydrogen  induced  losses  up  to  I6  months 
for  the  two  cables.  There  is  no  signs  of  any 
hydrogen  in  the  standard  construction,  while  the 
asfalt/polyprophylene  yarn  cable  shows  a  relatively 
low  constant  hydrogen  level.  These  results  are  in 
agreement  with  the  observations  on  our  installed 
cables . 


5.3.5  Burled  cables 

In  a  few  cases  we  have  partly  buried  installed 
cables  to  protect  them  against  fishing  activities. 
The  hardness  of  bottom  materials  can  be  expressed 
by  their  so  called  shear  strength,  and  the  bottom 
materials  in  the  areas  of  our  buried  cables  can  be 
characterized  as  relatively  soft.  The  burial  depth 
for  the  cables  has  been  approximately  60  cm.  We 
have  studied  the  distribution  of  hydrogen  induced 
loss  along  the  buried/unburied  parts  of  our  cables. 
Table  1  summarizes  the  results. 


Cables 

Total 

length 

(km) 

Buried 

length 

(km) 

Shear 
strength 
(kN/m^ ) 

Time 

after 

burial 

(months) 

Atten. 

1241  nm 

unburied 

(dB/km) 

Atten. 
1241  nm 
buried 
(dB/km) 

Cable  1{HA) 

12 

4.2 

sand 

16 

0.99 

0.99 

Cable  2 (LA) 

3.8 

2.4 

_ 

10-20 

8 

0.71 

0.69 

Cable  3(bA) 

10 

9.5 

10-20 

8 

0.53 

0.56 

Table  1:  H^- induced  loss  in  buried  cables. 


Since  we  have  observed  that  most  cables  have 
initially  some  small  variations  in  hydrogen  induced 
loss  along  the  length,  it  is  not  possible  to  reveal 
any  Increased  hydrogen  induced  loss  in  the  buried 
parts  of  any  of  the  cables. 
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5.3.6  Characteristics  of  outer  .jacket  damages 

In  our  earlier  work*  we  found  that  in  a  few  cases 
where  the  outer  high  density  polyethylene  Jacket 
had  been  damaged,  an  increased  hydrogen  evolution 
was  found  in  a  small  area  near  the  damage  where 
water  penetration  along  the  armour  wires  had 
resulted  in  increased  corrosion.  A  local  damage  can 
be  characterized  by  the  cable  length  affected  by 
increased  hydrogen  induced  loss  and  the  magnitude 
of  induced  loss  in  this  cable  length.  These  two 
parameters  may  be  a  function  of  time.  Such  damages 
are  easily  located  on  the  1238  nm  and  1241  nm  OTDR 
traces,  while  they  are  not  visible  on  the  1310  nm 
OTDR  traces.  We  have  investigated  all  the  measured 
cables,  a  total  length  of  approximately  325  km  “ith 
a  total  installation  time  of  approximately  72 
years,  and  we  have  found  a  small  number  of  damages. 
A  summary  is  shown  i  table  2. 


Damage 

Cable 

Cause  of  jacket  damage 

Depth  (m) 

D1 

Cable  A 

Retrival/new  installation 

50 

D2 

of  cable 

50 

D3 

Cable  B 

Installation  of  cable 

200 

d4 

Trial  cable 

Installation  of  cable 

1000 

Table  2:  Summary  of  observed  cable  jacket  damages. 


The  time  dependence  of  cable  length  affected  by 
increased  hydrogen  induced  loss  and  magnitude  of 
hydrogen  induced  loss  ,  respectively,  are  shown  in 
Fig.  10  and  Fig.  11. 


Length  (m) 


▼  Tr"o  wo  ▼ 


Time  after  installation  (months) 

Figure  10:Cable  length  affected  by  increased 
induced  loss  in  cables  with  jacket 
damage . 


Time  after  installation  (months) 

Figure  lliHj-induced  loss  in  areas  with 
cable  jacket  damage. 


The  cable  length  affected  by  increased  hydrogen 
induced  loss  have  stabilized  shortly  after  the 
occurence  of  a  damage,  and  a  typical  length  is 
200-350  meters. 

For  cable  B  and  trial  cable,  the  hydrogen  induced 
loss  stabilizes  after  few  months  at  a  level  of  1-2 
dB/km.  For  cable  A,  the  hydrogen  induced  loss  at 
1244  nm  have  increased  somewhat  since  our  measure¬ 
ments  started,  and  is  presently  3*4  dB/km.  We 
register  that  cable  A  is  installed  in  a  heavy 
polluted  marine  environment  (chemical  waste),  while 
this  is  not  the  case  with  cable  B  and  trial  cable. 

Clearly,  increased  local  hydrogen  level  due  to  a 
typical  jacket  damage  will  not  affect  the  cable's 
total  hydrogen  level  much.  For  example,  on  a  10  km 
cable  length,  damage  D3  will  increase  the  hydrogen 
induced  loss  at  1244  nm  by  0.04  dB/km. 

All  the  damages  were  found  on  cables  installed 
several  years  ago.  Since  then,  our  installation/- 
retrival  methods  have  improved  and  this  should 
contribute  to  lower  the  frequency  of  cable  jacket 
damages  even  further. 


5. 3-7  Depth  dependence 

We  have  previously  found  no  depth  dependence  of  the 
hydrogen  induced  loss  ’ .  Our  new  measurements  have 
confirmed  this  observation;  no  evidence  of  any 
depth  dependence  is  found.  On  the  contrary,  we  have 
observed  that,  on  the  cable  with  outer  protection 
of  asfalt/polyprophylene  yarn,  the  hydrogen  induced 
loss  on  the  shallow  parts  of  the  cable  has  become 
greater  than  on  the  deeper  middle  part  of  the 
cable. 
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5.4  Attenuation  increases  at  1310  nm  and  1550  nm 

The  attenuation  increases  in  our  installed  HA 
cables  at  1310  nm  and  1550  nm  were  found  to  be  app¬ 
roximately  0.01  dB/km  and  0.035  dB/km,  respect¬ 
ively,  for  levels  of  hydrogen  induced  loss  at  1244 
nm  of  0.7-0. 8  dB/km.  In  the  LA  cables,  the  atten¬ 
uation  increases  at  I3IO  nm  and  1550  nm  were  only 
marginal . 


6.  CONCLUSION 

We  have  presented  substantial  new  data  on  the  time 
dependence  of  hydrogen  induced  loss  in  open  LA  and 
HA  fiberoptic  submarine  cables.  Measurements  on 
cables  stored  on  land  have  shown  that  initial 
hydrogen  will  be  present  in  installed  cables  for 
many  years.  Measurements  on  installed  cables  have 
indicated  that  cables  have  individual  time 
dependences  of  hydrogen  induced  loss.  Hydrogen 
■nduced  loss  is  generally  higher  and  time  constants 
are  longer  in  HA  cables  than  in  LA  cables  due  to 
the  greater  amounts  of  armour  and  longer  diffusion 
distances.  The  thermal  prehistory  of  cables  will 
affect  the  time  dependence  of  hydrogen  induced  loss 
in  the  first  phase  after  installation.  Measurements 
made  on  "dry"  installed  trial  cables  have  shown  no 
evidence  of  any  delayed  hydrogen  induced  loss  due 
to  water  penetration  through  the  outer  high  density 
polyethylene  jacket  up  to  1.5  years.  LA  cables 
installed  up  to  4.5  years  have  shown  generally  very 
low  hydrogen  induced  loss  with  no  evident  signs  of 
any  delayed  hydrogen  induced  loss  increase.  In  a 
part  of  a  cable  with  outer  protection  of 
asfalt/polypropylene  yarn,  the  hydrogen  induced 
loss  have  increased  susteintially ,  probably  as  a 
result  of  outwashing  of  the  outer  protection. 
Measurements  made  on  buried  cables  have  not  shown 
any  increased  hydrogen  induced  loss  in  the  buried 
parts  compared  with  the  unburied  parts.  The 
frequency  of  outer  jacket  damages  on  installed 
cables  are  very  low,  and  the  hydrogen  induced  loss 
increase  on  a  10  km  cable  length  due  to  a  typical 
jacket  damage  is  small.  We  have  found  that  hydrogen 
levels  of  0.7-0. 8  dB/km  at  1244  nm  corresponds  to 
induced  losses  at  13IO  nm  and  1550  nm,  of  approx¬ 
imately  0.01  dB/km  and  0.035  dB/km,  respectively. 
Finally,  there  are  no  signs  of  any  depth  dependence 
of  the  hydrogen  induced  loss  in  our  cables. 
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Summary 

In  order  to  foster  the  introduction  of  the 
optical  fibre  in  the  subscriber  loop,  different 
approaches  were  made  to  reduce  the  cost  of  cables, 
materials  and  installation. 

The  ribbon  cable  system  technology,  uhich 
appears  to  be  a  promising  solution,  has  been 
introduced  in  the  Italian  Telecoramunation  Network 
at  the  end  of  1990  with  several  field  trials. 

This  paper  describes  the  Cable  System  used  in 
Italy  as  well  as  the  first  results  from  the  field 
involving  cable  installation,  splicing 
performances  and  overall  link  measurements. 

The  results  obtained  helped  in  making  a  first 
comparison  between  the  ribbon  technology  and  the 
"traditional”  single  fibre  technology. 


1 .  Introduction 

The  introduction  of  the  optical  fibre  in  the 
subscriber  loop  is  one  of  the  aspects  of  a  general 
process  of  digitalization  of  the  loop  network  that 
is  already  in  progress  with  the  provision  of 
300.000  POTS  by  means  of  2  Hbit/s  DLCs. 

The  use  of  the  optical  fibre  will  allow  to 
overcome  the  technical  limits  of  the  metallic 
cables,  to  optimize  the  utilization  of  the  network 
infrastructures  in  the  congested  metropolitan 
areas  and  to  pave  the  way  to  the  future 
synchronous  technologies  and  wiae  band  services. 

The  first  experiments  in  Italy  with  the 
optical  fibre  in  the  subscriber  loop  were  carried 
out  in  the  year  1988  with  several  business 
subscribers  in  the  metropolitan  areas  of  Milan, 
Turin  and  Rome.  The  cables  and  components  used 
were  the  same  installed  in  the  trunk  and  long 
distance  network. 

In  the  subscriber  network,  with  the  average 
lenght  not  very  long  (1.5  -  2  km  typically),  no 
problem  occurs  with  the  transmission  performances 
of  the  link. 

In  this  situation,  considering  the  volume  of 
fibres,  cables  and  components  that  are  involved, 
it  is  of  the  outmost  Importance  to  investigate  all 
the  areas  of  possible  cost  saving  and  pursue  the 
objective  of  a  total  cost  reduction  in  every  part 
of  the  link.  In  this  way  it  is  possible  to  take 
advantage  of  multiple  splicing  techniques,  mass 
production  of  components,  development  of  new 
installation  procedures. 

In  general  a  sinergy  between  plant  components 
and  installation  techniques  must  be  reached  that 


guarantees  both  technical  performances  and  cost 
objectives. 

The  right  answer  is  a  "Cable  System" 
technology"  where  the  integration  of  cables, 
splicing  techniques,  materials  and  installation  is 
performed.  Such  an  approach  optimize  all  the 
network  components  in  terms  of  cost  and 
performances  in  order  to  guarantee  the  economy  of 
the  optical  link,  the  reliability  and  the 
consistency  to  the  specification. 

The  SIP  (Italian  Teleconwiunication  Operating 
Company)  decided  to  take  advantage  of  the  optical 
fibre  ribbon  technology  already  used  in  some  other 
Countries  as  a  basis  for  the  trials  in  the 
subscriber  loop  in  Italy. 

2.  The  Cable  System 

The  "Cable  System”  consists  on  an  integrated 
system  of  modular  elements  (cables,  mechanical 
connectors,  fan-outs,  optical  terminations, 
closures,  cabinets,  MDF)  whose  components  are 
assembled  as  much  as  possible  in  the  factory. 

All  the  elements  meet  the  goal  of  high  quality 
and  performances  and  their  use  lead  to  the 
reduction  of  components  cost,  to  more  simple 
installation  procedures  and  to  the  possibility  in 
the  future  of  an  automatic  monitoring  and 
management  of  the  network  with  a  reduction  of 
maintenance  costs  and  with  an  increase  of 
availability  of  the  local  network. 

The  key  components  of  the  "Cable  System", 
namely  the  fibre  ribbon,  the  mechanical  splice  and 
the  fan-out,  are  being  described  in  the  following 
paragraphs . 

2.1  Fibres  and  Cables 

The  configuration  of  the  subscriber  network 
requires  to  hold  fibre  cables  in  due  consideration 
with  straightforward  fibre  groups  identification 
and  separation  capabilities  and  ease  of  fibre 
handling.  The  fibre  ribbon  represents  up  to  date  a 
very  good  solution  for  these  problems  and,  in 
addition,  it  allows  the  design  of  high  fibre  count 
cables  with  quite  small  outer  diameter  for  conduit 
installation. 

The  solution  of  A  fibre  ribbon  (Fig.  1)  has 
been  adopted  and  cables  of  4,  8,  20,  100  and  400 
fibres  have  been  provided  by  the  Italian  cable 
Manufactures  following  the  SIP  specifications. 

The  fibre  used  is  Single  Mode  Reduced  (SMR) 
optimized  for  1300  nm  and  with  good  performances 
at  1550  nm  because  of  its  good  behaviour  towards 
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both  to  micro  and  roacrobending. 

The  100  fibre  cable  (Fig.  2)  has  a  loose 
slotted  core  design  with  5  grooves  where  the 
ribbons,  organized  in  groups  of  5,  are  positioned. 

The  400  fibre  cable  (Fig.  3)  is  built  up 
stranding  four  100  fibre  units  together  with  one 
dummy  unit  around  a  central  member. 

The  cables  core  is  metal  free,  jelly  filled 
with  PU  and  PE  inner  and  outer  sheaths  with  a 
double  layer  of  aramidic  yarns  as  pulling  element. 
An  heat  welded  corrugated  tape  made  by  0.15  mm 
thick  stainless  steel  acts  as  humidity  barrier  and 
rodent  protection. 

The  reduced  dimensions  of  both  cables  (outer 
diameter  around  20  (nm  for  100  fibres  and  40  mm  for 
400  fibres)  allow  an  easy  installation  inside  the 
existing  ducts  and  this  performance  is  very  useful 
in  the  local  network  especially  in  the  congested 
metropolitan  areas. 

The  structure  of  the  20,  8  and  4  fibre  cables 
is  the  same;  the  4  and  8  fibre  cable  are  also 
manufactured  with  flame  retardant  LSOH  sheath 
instead  of  PU  and  PE  in  order  to  meet  the  strict 
Italian  law  requirements  for  indoor  cables. 

For  this  reason  the  100  fibre  termination 
cable.  Inside  the  central  office  between  the 
pot-head  joint  and  the  main  distribution  frame, 
has  the  same  kind  of  sheaths. 

The  optical  characteristics  of  the  fibres  and 
the  mechanical  characteristics  of  the  cables  are 
shown  in  table  1  and  2. 

2.2  Multiple  iointinq  techniques 

Considering  the  high  number  of  splices  in  the 
subscriber  loop,  one  of  the  principal  problems 
concerns  the  ease  and  speed  of  jointing,  also 
bearing  a  relativily  high  connection  loss. 

This  has  led  to  the  development  of 
simultaneous  multiple  fibre  splicing  techniques 
either  by  fusion  or  by  mechanical  connectors  with 
considerable  reduction  in  jointing  times. 

2.2.1  Fusion  mass  splicing 

The  procedure  for  splicing  the  fibre  ribbons 
is  quite  similar  to  the  one  used  for  the  single 
fibre. 

The  ribbon  coating  is  removed  by  means  of  a 
suitable  stripping  device  and  the  4  fibres  are 
cutted  at  the  same  time  with  a  cleaving  tool. 

Automatic  splicing  equipments  assure  optical 
and  environmental  performances  similar  to  the 
single  fibre  ones. 

2.2.2  Mechanical  splicing 

The  MT  mechanical  joint  developped  by  NTT  is 
based  on  the  alignment  of  two  plastic  moulded 
ferrules  by  means  of  two  guide  pins  and  a  clamp 
spring  (Fig.  4).  This  product  is  used  to 
preconnector ize  in  the  factory  one  end  rf  the 
cable;  in  such  a  way  the  field  installation  is 
simplified,  being  reduced  to  a  mere  manual 
operation,  while  the  quality  of  the  termination  is 
largely  increased. 

As  alternatives  the  mechanical  joints  Array 
Splice  (AS)  of  ATT  and  Silicon  Multifibre 
Connectors  (SMC)  of  Siemens  have  been  tested,  both 


based  on  the  alignment  of  silicon  grooved  chips. 

These  three  techniques,  quite  similar  in 
performances,  are  currently  under  evaluation  in 
term  of  cost  and  availability  of  production 
facilities  in  Italy. 

2.3  Connectors 


The  main  characteristics  to  be  considered  in 
choosing  an  optical  connectors  are:  low  insertion 
loss,  high  values  of  return  loss,  high 
reliability,  miniaturization  and  low  cost. 

SIP  decided  to  choose  the  SC  type  connector 
(Fig.  5)  among  the  components  tested  .  It  consists 
in  a  zirconia  cylindrical  ferrule  polished  in  a 
convex  way  in  order  to  assure  the  physical  contact 
between  the  fibres,  inserted  in  a  outer  plastic 
moulded  housing.  It  is  going  to  be  manufactured  in 
Italy  and  is  installed  since  June  1991  in  the 
Italian  network. 

2.4  Fan-out 

At  both  ends  of  the  local  loop,  in  the  main 
distribution  frame  and  in  the  subscriber  premise, 
the  transition  between  the  fibre  ribbon  terminated 
with  mechanical  joints  and  the  single  fibre 
patch-cords  terminated  with  the  SC  connector  plugs 
is  assured  by  the  fan-out  (Fig.  6). 

This  element  consists  in  a  lenghts  of  ribbon 
jacketed  with  a  protection  sheath  and  terminated 
with  a  mechanical  joint  at  one  end  and  four  SC 
connector  plugs  at  the  other. 

The  fan-out  is  factory  assembled  and  installed 
when  the  system  is  put  into  operation;  its  use 
allows  a  reduction  of  cost  of  the  cable 
termination  and  makes  the  installation  easier.  In 
table  3  the  optical  performances  of  multiple 
joints,  connectors  and  fan-outs  are  shown. 


3 .  Installation  components 


Taking  into  account  the  peculiar 
characteristics  of  the  subscriber  network  in  terms 
of  flexibility  and  future  implementations,  a 
complete  new  line  of  materials  for  the  splicing 
and  termination  of  the,  fibre  ribbon  were 
developed. 

Efforts  were  made  to  reduce  as  much  as 
possible  the  number  of  products  in  order  to 
benefit  of  cost  reduction  by  large  scale 
production. 

The  Cable  System  components  are  the  following: 


-  main  distribution  frame  in  mechanical  European 
standard  technique  for  the  termination  with 
fan-outs  of  400  fibres  (Fig.  7); 

-  splice  closures  for  400  fibres  and  100  fibres: 
both  can  be  used  for  the  line  as  well  as  the 
pot-head  joints.  The  closures  allow  the  branching 
of  up  to  five  cables  from  the  principal  one  (i.e. 
100  fibre  cable  in  and  5x20  fibre  cables  out); 

-  raid  span  branching  closure:  allows  the 
extraction  of  up  to  40  fibres  from  an  already 
installed  100  fibre  cable  without  service 
interruption: 

distribution  cabinet  for  underground 
installation;  allows  the  distribution  of  five  4 
fibre  cables  from  a  20  fibres  cable; 
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-  distribution  cabinet  for  indoor  installation 
with  the  same  characteristics  as  above; 

-  subscriber  termination  for  one  or  two  fan-outs. 

All  the  above  components  are  reenterable,  can 
accomodate  both  mechanical  and  fusion  splices,  and 
are  designed  to  match  the  preterminated  cable 
ends. 

4.  Field  Trials 

The  Cable  System  technology  has  been  field 
tested  in  several  experiments  in  Italy  during  1990 
in  Rome,  Turin,  Padua  and  Naples  with  a  number  of 
business  subscribers. 

An  example  of  a  subscriber  link  configuration 
with  the  details  of  the  components  used  is  shown 
in  tig.  8. 

Taking  into  account  safety  considerations  it 
was  decided  to  have  a  complete  underground 
network . 

The  installation  of  the  cable  inside  tortuous 
and  congested  duct  systems  together  with  the 
constraint  of  pulling  the  cable  in  only  one 
direction  because  of  the  preterminated  end, 
limited  the  cable  lenght  size,  in  particular  for 
the  400  fibre  cable  (about  500  m) .  Cables  were 
installed  with  pulling  whinches  and  occasionally 
by  hand. 

A  total  of  about  1500  km  of  fibre  has  been 
deployed.  The  400  fibre  and  100  fibre  cables 
account  respectively  for  the  36.4  and  the  55.1  % 
of  the  overall  fibre. 

As  far  as  installation  tipologies  are 
concerned  most  of  the  cable  (63.4  %)  has  been 
installed  inside  ducts  and  only  14.3  %  in 
trenches. 

The  cables  up  to  100  fibres  have  been  laid 
Inside  50  mm  diameter  plastic  ducts  (three  of 
them  equipped  a  125  cnm  duct)  while  the  400  fibre 
cable  inside  125  mm  diameter  ducts. 

The  use  of  cable  lenghts  with  one  factory 
preterminated  and  requires  the  combination  of 
mechanical  and  fusion  splices  alternating  along 
the  link. 

The  ribbon  technology  allows  a  considerable 
reduction  in  jointing  times;  in  particular  with 
the  mechanical  splice,  the  jointing  procedure 
reaches  the  maximum  of  simplicity. 

A  total  of  about  1154  multiple  splices  have 
been  made  (615  by  MT  connectors  and  539  by 
fusion) . 

For  what  concerns  the  fusion  splices  losses, 
an  average  value  of  0.06  dB  with  a  standard 
deviation  of  0.04  dB  was  attained  (Fig.  9). 

The  automatic  splicing  equipment  proved  to 
work  in  a  satisfactory  manner.  The  correlation 
between  the  actually  measured  loss  of  fusion 
multiple  splices  and  the  loss  estimated  by  the 
splicing  equipment  is  fairly  good  with  a 
correlation  factor  greater  than  0.8.  In  fact  only 
3%  of  the  splices  had  to  be  redone  after  the  final 
bidirectional  measurement. 

The  average  loss  value  of  the  mechanical 
splice  was  0.52  dB  with  standard  deviation  0.29 
(Fig.  10). 


Both  the  values  are  consistent  with  the 
provisional  SIP  specification  for  the  plant 
acceptance  tests  (maximum  values  of  0.2  dB  and  1.2 
dB  for  the  fusion  and  the  mechanical  splices 
respectively) . 

After  the  final  acceptance  test  all  the  links 
have  been  put  into  operation  and  are  successfully 
carrying  normal  traffic. 

5.  Conclusions 

The  experience  gained  with  the  implementation 
of  several  plants  with  the  ribbon  "Cable  System" 
technology  allows  to  draw  some  preliminary 
conclusions. 

The  advantages  of  the  ribbon  "Cable  System" 
compared  to  the  traditional  technology  come  out 
from  the  high  packaging  density  of  the  fibres,  the 
ease  of  ribbon  handling,  the  preassembly  of 
components  in  the  factory,  the  use  of  multiple 
interconnection  techniques. 

All  these  factors  guarantee  a  high  quality  and 
contribute  to  the  reduction  of  the  installation 
costs  also  shifting  labour  man  power  cost  to 
cables  and  components.  Other  areas  of  cost  saving 
are  envisaged  in  the  feasibility  of  automatic 
optical  measuring  techniques  of  the  cables  in  the 
factory  and  of  the  overall  installed  link. 

In  a  future  perspective,  the  ribbon  "Cable 
System"  will  allow  also  the  flexible  access  to  the 
network,  the  possibility  of  an  automatic 
reconfiguration  of  the  link  and  the  surveillance 
of  the  network  from  the  Central  Office. 

On  the  other  hand  the  use  of  preassembled 
cables  ends  of  precise  lenght  both  on  line  and  in 
the  central  office  need  a  very  accurate  planning 
of  the  outside  plant  configuration. 

One  item  of  the  outmost  importance  is  the 
development  of  new  techniques  of  installation  on 
the  last  part  of  the  subscriber  network  where  the 
common  practice  of  pulling  only  one  cable  inside  a 
sub-duct  becomes  antieconomic  as  the  number  of 
subscriber  grows.  New  subscriber  cables  with 
smaller  outer  diameter  as  well  as  multi-hole 
preformed  plastic  ducts  are  under  development  and 
will  be  tested  in  the  field. 

Computer  aided  measurement  techniques  for  the 
final  acceptance  test  as  well  as  a  monitoring 
technique  for  the  plant  surveillance  from  the 
Central  Office  will  be  implemented  in  the  near 
future  in  order  to  exploit  the  benefits  of  the 
Cable  System. 

Considering  the  satisfactory  results  of  the 
first  trials  and  in  order  to  clarify  points  that 
need  further  study  and  to  define  with  better 
accuracy  the  installation  costs,  it  was  decided  to 
implement  the  introduction  in  the  subscriber 
network  of  the  Cable  System  to  provide  high 
frequency  services  to  large  and  medium  size 
business  subscribers  in  the  major  cities  in  Italy. 

A  total  of  13.000  km  of  fibre  will  be  deployed 
in  the  subscriber  loop  in  1991  and  an 
implementation  is  foreseen  for  199?. 
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MECHANICAL  CHARACTERISTICS  OF  CABLES 


OPTICAL  FIBRE  CHARACTERISTICS 


NUMBER  OF  FIBRES 

4-8 

20 

100 

400 

Outer  diameter  (mm) 

13 

16 

19.5 

40 

Height  (kg/km) 

180 

270 

370 

1300 

Max  pulling  strenght  (kg) 

60 

300 

350 

450 

Minimum  bend  radius  (mm) 

170 

300 

300 

400 

Factory  lenght  (ra) 

2000 

3000 

3000 

500 

TABLE  1 


1 300  nm 

1 550  nm 

MFD  (um) 

9.4 

10.5 

Cladding  diameter  (um) 

125 

125 

Primary  coating  diatu.  (um) 

250 

250 

Attenuation  (dB/km) 

<0.44 

<0.28 

Chromatic  dispersion 

(ps/nm  km) 

<3.4 

<18 

Cut  off  uavelenght  (nm) 

<1280 

<1280 

TABLE  2 


COMPONENTS  OPTICAL  PERFORMANCES 


INSERTION 

LOSS  (dB) 

RETURN  LOSS  (dB) 
(directivity) 

average  value 

std  deviation 

minimum  value 

Hass  fusion  splice 

0.06 

0.04 

60 

Array  splice 

0.30 

0.19 

40 

SMC  connector 

0.36 

0.19 

40 

MT  connector 

0.52 

0.29 

35 

SC  coruiector 

0.1 

0.05 

35 

Fan-out 

0.62 

0.34 

35 

TABLE  3 


r»—1.1  mm— ^ 


125  tL 


DIELECTRIC  SUPPORTING 
MEMBER 


*  O  F.  RIBBON 


Fig.  1  -  Four  fibre  ribbon 


Fig.  2  -  TOO  fibres  cable 
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Fig.  6  -  Fan-out 
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Abstract 

A  radically  new,  ultra-high-speed  method  for  the  installa¬ 
tion  of  cables  in  ducts  is  described.  A  high-speed  moving 
cable  will  slide  on  it’s  own,  equally  distributed,  inertia  with¬ 
out  suffering  exponential  force  build-up  in  curves.  Centrifu¬ 
gal  forces  Me  compensated  for  any  curvature  of  the  duct  by 
a  proper  cable  tension.  Some  ways  to  supply  this  tension 
and  to  accelerate  the  cable  before  installation  are  described. 
Theory  says  that  10  km  of  fibre-optic  or  other  cable  can  be 
installed  in  one  shot  of  2  minutes.  This  theory  is  checked  by 
scale-model  straight-  and  looped-trajectory  field  trials.  Here 
1536  m  of  cable  is  installed  in  2  minutes  and  5  right-angled 
curves  and  6  loops  Me  passed  in  7  seconds  respectively.  For 
understanding,  friction  coefficients  between  cable  and  duct 
are  measured  at  high  speeds. 


Introduction 

The  use  of  fibre-optic  cables  for  telecommunication  has  caused 
an  enormous  increase  in  practical  cable  lengths.  This  is 
caused  by  the  lower  cable  weight  which  ^lUows  for  larger 
lengths  on  one  single  reel.  In  addition,  as  the  attenuation 
of  the  fibre  itself  is  very  low,  splices  are  the  dominant  loss 
contributors  and  should  be  avoided  as  much  as  possible.  In 
the  past  short  pieces  of  telecommunicatioii  cable  were  buried 
directly  into  the  ground.  Nowadays  in  many  countries  fibre- 
optic  cables  are  installed  in  pre-installed  duv-ts.  A  commonly 
used  technique  for  installing  cables  in  ducts  is  pulling  with 
a  winch  rope.  When  the  cable  is  under  tension,  the  cable 
will  be  pulled  against  the  duct-wsdl  in  curves  and  undula¬ 
tions  in  the  trajectory,  causing  friction.  The  pulling  force 
will  then  increase  exponentially  with  length  due  to  the  fact 
that  the  friction  is  proportional  to  the  tension  in  the  cable'. 
This  so  called  "capstan  effect”  limits  the  cable  length  that 
can  be  installed  in  one  single  pull.  The  "capstan  effect”  can 
be  avoided  by  distributing  the  puUing  force  along  the  length 
of  the  cable.  Cable  blowing  is  a  well-known  technique  to 
achieve  this.*'^ 


In  this  paper  a  radically  new  approach,  the  "high-speed  tech¬ 
nique”,  is  presented  where  the  pulling  force  is  also  distributed 
along  the  length  of  the  cable. ^  First  the  cable  and  the  reel 
are  accelerated  to  a  very  high  (rotational)  speed.  Some  ways 
to  perform  this  are  described.  The  cable  then  decelerates 
until  standstill,  shding  in  the  duct,  driven  by  its  own  iner¬ 
tia.  The  inertia  "force”  is  equally  distributed  over  the  length 
of  the  cable.  Due  to  high  (apparent)  centrifugal  forces  that 
appeM  in  curves  the  deceleration  will  be  high  and  the  cable 
stops  soon.  These  centrifugal  forces  can  be  compensated  by 
applying  a  proper  tensile  force  to  the  cable.  In  that  case  the 
compensation  holds  for  any  curve,  no  matter  what  its  radius 
of  curvature  is.  The  tensile  force  in  the  cable  is  obtained  by 
applying  a  high  enough  force  at  the  cable  head,  by  means  of 
a  winch  rope  or  a  shuttle.  The  feeding  of  the  cable  is  con¬ 
trolled  such  that  the  transversal  force  at  the  cable,  measured 
in  a  curve  at  the  injection  side,  is  kept  zero. 


In  a  field  trial  a  lightweight  cable,  stored  in  "figure-eight’s”, 
is  installed  in  a  duct  with  the  use  of  an  air-powered  shuttle. 
The  experimental  setup  is  kept  simple,  avoiding  high  power 
engines,  as  it  is  not  meant  to  reach  maximum  performance, 
but  to  check  the  theory.  This  experiment  is  performed  to 
prove  the  theory  for  the  "sliding  inertia”.  In  another  exper¬ 
iment  100  m  of  cable,  stored  on  a  reel  now,  is  installed  in  a 
duct  in  which  5  right-angled  curves  and  6  complete  loops  are 
present.  This  experiment  is  performed  to  prove  theory  for 
the  centrifugal-force  compensation  by  means  of  a  proper  ca¬ 
ble  tension.  For  better  understanding  also  measurements  of 
the  friction  coefficient  between  cable  and  duct  are  performed 
at  high  speeds  (appendix). 


Theory 

The  theory  of  force  build-up  in  cables  which  are  pulled  in 
ducts  is  developed  long  ago.'  In  this  theory  reaction  forces 
exercised  by  the  duct  on  the  cable  in  different  directions  due 
to  the  cable  mass  and  due  to  the  cable  tension  in  curves 
are  taken  into  account.  Forces  due  to  a  change  in  speed 
(acceleration)  of  the  cable  are  low  in  conventional  installation 
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(speed  of  order  1  m/s)  and  are  hence  not  considered  in  the 
above  mentioned  (static)  theory.  This  is  also  true  for  the 
centripetal  reaction  forces  of  the  duct,  necessary  to  lead  the 
cable  through  curves.  In  the  present  paper  an  installation 
technique  is  described  in  which  the  speeds  are  ultra-high 
(order  100  m/s).  This  means  that  the  installation  of  the 
cable  must  be  treated  dynamically,  taking  into  account  all 
above  mentioned  terms. 


F-t-dF 


Figure  I:  Forces  acting  on  a  cable  moving  in  a  duct 


In  figure  1  all  forces  acting  on  a  piece  of  cable  dx,  mov¬ 
ing  with  a  uniform  (longitudinal)  speed  v,  are  shown.  For 
reasons  of  clarity  not  the  reaction  forces  of  the  duct  on  the 
cable,  but  the  (apparent)  forces  of  the  cable  itself  are  given. 
Forces  due  to  cable  stiffness  and  buckling  or  to  slopes  in 
the  ducts  can  also  be  treated,  but  are  not  considered  in  this 
paper. The  duct  reacts  with  a  normal  force  which  compen¬ 
sates  the  resultant  of  the  gravity  force  Wdx,  the  centrifugal 
force  Wv^dxj{gR)  and  the  transversal  component  of  the  ca¬ 
ble  tension  FdxjR,  with  W  the  cable- weight  per  unit  of 
length,  g  the  acceleration  of  gravity,  v  the  speed  of  the  cable 
and  R  the  radius  of  curvature  of  the  duct.  The  friction  force 
acting  on  the  cable  follows  by  multiplying  this  normal  force 
with  the  friction  coefficient  /  between  cable  and  duct.  The 
increase  dF  of  a  puffing  force  F  over  a  length  dx  for  this 
dynamic  situation  is  obtained  by  adding  the  "inertia  force” 
Wadxjg  of  the  cable,  with  a  for  the  acceleration  of  the  cable, 
to  the  mentioned  friction  force: 


dF  = 


~a^  y(WRf  +  (F -Wv^lgY 


dx  (1) 


In  this  formula  it  is  assumed  that  the  curve  in  the  duct  is 
in  a  horizontal  plane.  In  practice  ducts  can  be  curved  in  all 
directions,  but  this  does  not  change  the  force  build-up  very 
much.^  For  zero  a  and  v  the  basic  formula  for  the  static  force 
build-up  is  obtained.' 


Consider  the  situation  that  a  =  ~jg  and  F  —  Wv^  jg.  From 
equation  1  hence  follows  that  dF  =  0  which  means  that  there 
is  no  force  build-up  in  the  cable  anymore.  The  first  condi¬ 
tion  means  that  the  cable  just  slides  by  it  s  own  inertia.  The 
second  condition  means  that  a  proper  tensile  force  is  appbed 
to  the  cable  in  order  to  compensate  for  the  centrifugal  force 
of  the  moving  cable.  Both  centrifugal  force  and  transversal 
component  of  the  cable  tension  are  inversely  proportional  to 
R,  which  meanL  that  these  effects  compensate  each  other  for 
every  curvature  once  the  compensation  criterion  is  reached. 
In  this  case  every  curve  can  be  followed  by  a  high-speed 
moving  cable  without  transversal  forces  acting  on  the  cable 
which  disturb  the  curve. 


Interlude;  An  example  in  which  nature  itself  controls  the  proper  tensile 
force,  to  compensate  for  the  centrifugal  force,  is  a  high-speed  running 
piece  of  cable  in  a  closed  loop  (figure  2).  In  that  case  every  shape  of  the 
cycling  cable  can  be  obtained.  In  figure  2  an  artificially  appbed  pertur¬ 
bation  is  shown,  which  is  maintained  for  a  relatively  long  time  (>100 
cycles),  in  a  cable  that  tuns  with  50  m/s.  This  may  be  an  unexpected 
result  since  one  expects  a  nice  round  loop  as  is  the  case  with  a  lasso. 
The  difference  can  be  explained  by  the  fact  that  the  "knot”  connecting 
the  rope,  held  by  the  cowboy,  with  the  loop  is  "resetting”  the  path 
every  turn.  It  is  now  cleat  that  a  moving  cable  under  proper  tension 
can  pass  a  stationary  perturbation  without  transversal  forces  acting  on 
that  cable  to  disturb  the  perturbation.  This  can  be  compared  with  a 
tensed,  stationary,  string  in  which  a  perturbation  travels  with  speed 
ti  =  y/FWjg,  set  by  nature,  which  is  the  same  relation  between  speed 
and  tension.’  Another  example,  in  which  nature  controls  the  proper 
tension,  is  a  tope  following  a  launched  harpoon  which  is  accelerated 
from  a  testing  pile  (this  is  not  true  when  using  a  reel  to  store  the  tope). 


Figure  2:  High-speed  (50  m/s)  running  loop  of  cable  with 
artificially  applied  perturbation 
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When  the  above  mentioned  criteria  of  sliding  and  zero  trans¬ 
verse  force  are  fulfilled  a  situation  is  obtained  in  which  a  ca¬ 
ble  slides  in  the  duct,  decelerating,  while  the  force  edong  the 
cable  remains  constant.  The  length  t  over  which  the  cable 
slides  in  this  condition  is  obtained  with  a  =  —fg  and  by  us¬ 
ing  the  boundary  condition  that  the  speed  of  the  cable  drops 
from  Vo  at  the  start  to  zero  at  the  end: 


(2) 


When  the  transversal  component  of  the  cable  tension  does 
not  exactly  compensate  the  centrifugal  force  of  the  moving 
cable,  dF  =  0  is  obtained  from  equation  1  when  a  =  —fg  ■ 
yjl  -(-  (Fo/WRY  with  Fq  =  F  —  Wv^/g.  In  this  case  a  more 
general  formula  for  the  sliding  installation  length  is  found: 


l^Yj-^ly/l^iFolWRf  (3) 

The  force  Fo  is  the  effective  cable  tension  which  is  measured 
indirectly  by  measuring  the  transversal  force  of  a  cable  mov¬ 
ing  through  a  curve.  In  figure  3  an  experimental  setup  is 
shown  which  is  used  to  measure  Fo  at  the  injection  side 
of  the  duct.  The  measured  transversal  force  Ft  is  equal  to 
28in(a/2)  •  Fq. 


puffing  force  at  the  cable  head  is  much  higher  than  Wv^jg 
the  cable  tension  decreases  to  the  latter  value  along  the  ca¬ 
ble  from  the  head  until  the  injection  side.  In  this  case  the 
deceleration  of  the  cable  is  less  than  in  the  situation  that 
Fo  is  kept  small  all  along  the  cable.  The  heat  production, 
caused  by  the  friction  between  cable  and  duct,  will  however 
be  larger.  Care  should  be  taken  that  this  heat  production  is 
not  too  high.  For  this  reason  it  may  be  necessary  to  control 
the  pulling  force  at  the  cable-head  too  in  cases  of  extremely 
high  installation  speeds  (the  heat-production  per  unit  of  time 
and  length  can  be  reduced  down  to  fWv,  which  is  left  due  to 
the  cable  mass).  When  the  puffing  force  at  the  cable  head  is 
much  lower  than  Wv^/g  the  cable  decelerates  soon  until  the 
situation  F  =  Wv^/g  is  reached  at  the  cable  head.  Wnen 
the  puffing  force  at  the  cable  head  is  zero,  e.g.  when  the 
cable  reaches  the  end  of  the  duct,  the  cable  stops  soon. 


A  general  solution  of  equation  1  may  be  obtained  by  substi¬ 
tuting: 

Fo  a  v/l  •+  -  1 

2  =  -  C  =  -  tt  - 

WR  fg  z 

After  integration  the  next  equation  is  obtained; 


Figure  3:  Experimental  setup  for  measuring  effective  cable 
tension  Fo 


When  the  deceleration  of  the  cable  is  controlled  by  keeping 
the  effective  cable  tension  Fq  at  the  injection  side  of  the  duct 
as  small  as  possible,  and  when  the  applied  force  at  the  cable- 
head  is  equal  to  Wv^jg  (plus  the  mentioned  small  Fo)  the 
cable  sbdes  over  a  length  (,  according  to  formula  3.  When  the 


2c 

(1  -  c)ul' 

t/1  - 

J. 

(5) 


Note  that  for  a  and  v  equal  to  zero  and  with  x  =  R6,  with 
6  the  angle  along  which  the  duct  is  curved,  again  the  force 
build-up  formula  in  curves  for  the  static  situation  is  obtained. 
Equation  5  holds  for  c  <  1.  The  second  part  of  the  right- 
hand  side  of  equation  5  is  equal  to  u  when  c  =  1  and  goes  to 
infinity  for  c  =  —1.  For  c  >  1  equation  5  can  be  re-written 
by  using  i  ■arctan(ii)  =  — arctanh(z)  with  i  defined  as 


It  is  assumed  that  the  cable  on  the  reel  is  accelerated  until 
the  maximum  speed  vo  before  the  cable  is  installed  (how  will 
be  discussed  later).  This  means  that  the  puffing  force  F  on 
the  cable  is  not  able  to  accelerate  cable  and  reel  in  the  first 
part  of  the  trajectory  any  further.  The  acceleration  a  will 
hence  be  equal  to  zero.  This  situation  is  maintained  until  an 
installation  length  Xo,  which  is  obtained  by  solving  equation 
5  for  c  =  0: 


arcsinh{ 


F„  =  F-Wvl/l 
Fo  =  fo(0) 


(6) 


Next  the  installed  length,  speed  and  acceleration  of  the  ca¬ 
ble  can  be  obtained  iteratively  with  equation  5.  A  numer¬ 
ical  example,  with  W  =  IN/m,  R  =  30m  (corresponding 
to  undulations  of  2°/m),  /  =  0.15  -  this  is  lower  than  for 
traditional  pulhng  because  with  the  described  technique  the 
peaks  in  friction,  occuring  when  the  cable  starts  moving  from 
standstill,  do  not  appear  -,  F  =  2000jV  (cable-head)  is  given 
in  figure  4.^  The  starting  speed  used  is  Vo  =  lOOm/s  and  it 
IS  assumed  that  Fo(0)  is  kept  zero. 
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Figure  4-'  Numerical  example  of  cable  installed-length  x, 
speed  V  and  acceleration  a  as  a  function  of  time  t 


Practice 

Until  now  it  was  just  assumed  that  cable  instedlation  started 
with  a  very  high  speed.  This  is  not  easy  to  achieve.  A  lot 
of  energy  is  necessary  to  accelerate  a  long  cable  on  a  reel 
to  a  very  high  speed.  If  this  energy  must  be  applied  in  a 
very  short  time,  a  lot  of  power  is  needed.  It  is  preferable 
to  accelerate  the  complete  cable  reel  first  before  starting  the 
installation  of  the  cable  in  the  duct.  The  development  of  a 
mechanism  that  grips  the  cable  from  the  high-speed  running 
reel  is  one  possibility.  A  more  clever  and  safer  method  is 
shown  in  figure  5.^  A  cable  is  inserted  in  a  duct  first  and 
attached  to  a  pulling  source  (an  air-powered  shuttle  in  fig¬ 
ure  5).  The  cable  is  however  de-coupled  from  the  pulling 
source  for  rotation  about  its  axis.  The  reel,  cable  loop  and 
controlling-,  guiding-  and  protection-means  will  all  together 
start  with  rotating  until  the  desired  speed  is  obtained.  In 
that  case  the  cable  piece  inside  the  duct  will  rotate  around 
its  axis.  Then  all  rotating  (light-weight)  parts,  except  the 
cable  reel,  will  be  braked  in  a  very  short  time.  From  that 
moment  on  the  cable  runs  into  the  duct  with  very  high  speed 
while  the  rotation  around  its  own  axis  has  stopped.  Now  the 
sliding  situation  is  reached  in  which  the  speed  of  the  reel  is 
controlled  by  the  Fo-sensor. 

Another  possibility  is  to  accelerate  a  cable  reel  in  the  first 
part  of  the  in5t2dlation  very  quickly.  This  can  be  performed 
by  using  high-power  engines  or  by  using  energy  stored  in  a 
flywheel  in  combination  with  a  high-capacity  clutch.  It  is 
also  possible  to  avoid  the  need  to  accelerate  the  whole  cable 
length  in  the  first  time.  A  cable  can  sdso  be  accelerated  bit 
by  bit,  e.g.  when  the  cable  is  stored  in  a  heap  or  in  "figure- 
eight’s”. 


Control 

unit 


Figure  5:  Mechanism  to  accelerate  the  reel  before 
installation 


Another  practical  point  is  the  pulling-source,  necessary  to 
supply  the  cable  tension  which  is  needed  to  compensate  the 
effect  of  the  centripetal  force.  One  method  is  the  use  of 
an  air-powered  shuttle.  In  this  case  the  cable  is  abo  sur¬ 
rounded  by  a  high-speed  airflow.  This  is  very  useful  to  avoid 
a  reversed  "cable- blowing  effect".  For  low-diameter  ducts, 
however,  the  speed  of  the  airflow  forms  the  limit  for  the  high¬ 
speed  technique  (about  2  and  4  km  of  trunk  fibre-optic  cable 
in  ducts  with  inner  diameter  of  26  and  40  mm  respectively). 
Another  technique  is  the  use  of  a  low-friction  pulling  rope 
with  a  high-speed  winch.  With  this  technique  it  is  also  rec¬ 
ommended  to  blow  the  cable  in  addition.  In  order  to  exploit 
fully  the  benefits  of  the  high-speed  technique  extra  study  is 
needed,  e.g.  the  development  of  a  light-weight  pulling-rope 
with  wheels.  But  then  the  possibilities  are  almost  unlim¬ 
ited.  The  weight  of  the  cable  is  not  of  importance  anymore. 
The  only  parameter  that  counts  is  the  ratio  between  maxi¬ 
mum  pulling  force  and  weight  per  unit  of  cable-length.  This 
sets  the  maximum  speed  at  which  the  centrifugal  force  can 
be  compensated  by  the  transversal  component  of  the  cable 
tension.  For  trunk  fibre-optic  cables  with  e.g.  a  weight  of 
lyV/m  and  a  maximum  pulling  force  of  2000 W  it  is  possible 
to  install  10  km  in  one  shot,  taking  only  2  minutes. 


Experiments 

straight  trajectory 

Most  of  the  experimental  setups  which  are  described  in  the 
preceding  chapter  need  powerful  or  difficult  to  develop  equip¬ 
ment.  For  this  reason  a  simple  scale  model  is  build  in  order  to 
prove  the  theory.  The  experiments  are  performed  with  light- 
weight  {W  =  0.12Nlm,  $  =  3mm)  PVC-jacketed  single- 
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fibre  cables.  To  accelerate  a  reel  with  a  few  kilometers  of  this 
cable  in  a  very  short  time  would  still  need  a  lot  of  power.  For 
this  reason  the  cable  is  stored  in  ’’figure-eights"  in  a  special 
container  as  is  shown  in  figure  6.  An  air-powered  shuttle  is 
used  to  supply  the  pulling  force.  In  order  to  ehminate  for  a 
pressure  build-up  in  front  of  the  shuttle  this  space  is  evacu¬ 
ated  before  the  start.  A  device  as  is  shown  in  figure  3  is  used 
to  measure  the  effective  cable  tension  Fq  just  before  enter¬ 
ing  the  pressurized  space.  The  speed  of  the  pick-up  wheel 
is  controlled  in  such  a  way  that  Fq  is  maintained  as  small 
as  possible.  The  effect  of  the  pressure  rise  when  the  cable 
enters  the  duct  is  overcome  by  forcing  an  airflow  with  high 
speed  through  a  narrow  tube  first  and  bleeding  a  part  of  this 
flow  after  this  tube.  The  experiment  is  performed  in  a  rather 
straight  (one  270°-curve)  trajectory  of  2  km  of  HDPE  ducts 
with  an  inner  diameter  of  26  mm.  Only  a  very  small  amount 
of  paraffin  oil  is  present  in  the  duct  for  lubrication. 


Figure  T:  Speed  v  and  effective  cable  tension  Fo  as  a 
function  of  time  t  in  the  straight-trajectory  field  trial 


ControL-unit 
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Looped  trajectory 

The  effect  of  compensating  the  centrifugal-force  by  a  proper 
cable  tension  is  proved  in  a  shorter  (85  m)  trajectory  in 
which  5  right-angled  curves  and  6  loops  of  360®  (last  40  m) 
are  present.  Now  a  special  "dry-  lubricated"  HDPE  duct 
with  an  inner  diameter  of  12  mm  is  used.  The  shorter  cable 
length  gives  the  possibility  to  install  from  a  cable  reel,  which 
is  driven  by  a  controlled  motor  to  give  a  small  effective  cable- 
tension  Fo-  Because  this  trajectory  is  extremely  curved  the 
effective  cable-tension  Fq  inside  the  duct  must  be  kept  very 
small  (formula  3).  Therefore  another  "sensor/drive"  unit 
(no.  2)  is  placed  inside  the  pressurized  space  as  can  be  seen 
in  figure  8. 


Figure  6:  Schemattc  of  the  straight-trajectory  field  trial 


In  figure  7  the  speed  of  the  cable  is  given  as  a  function  of 
time.  In  this  figure  also  the  transversal  force  Ft,  which  is 
a  measure  for  the  effective  cable-tension  Fq  is  shown.  After 
about  60  s  F,  shows  a  peak  (pick-up  of  an  irregular  loop) 
resulting  in  a  sudden  decrease  in  speed.  The  speed  however 
recovers  afterwards.  Maybe  this  indicates  that  the  pulling 
force  is  still  effective  here.  This  is  possible  because  the  tra¬ 
jectory  is  rather  straight.  The  decrease  of  speed  in  the  first 
part  of  the  trajectory  can  be  explained  by  a  higher  friction 
coefficient  between  cable  and  duct  at  high  speeds  as  may 
be  expected  for  lubricated  ducts  (see  appendix).  Finally  a 
length  of  1536  m  was  installed  in  only  2  minutes  with  a  max¬ 
imum  speed  of  34  m/s.  It  was  quite  impossible  to  install  this 
length  by  normal  pulling  and  hence  the  "sliding  on  inertia" 
effect  is  proved  by  this  experiment. 


ControL-unit  1 


Figure  8:  Schematic  of  the  looped-trajectory  field  trial 
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In  figure  9  the  speed  as  a  function  of  time  is  shown.  In  the 
first  3.5  s  the  cable  is  in  the  part  (45  m)  in  which  only  5 
right-angled  curves  are  present  In  that  case  the  force  at  the 
shuttle  is  capable  to  puU  (as  in  the  old  pulling-technique) 
the  cable  along  the  duct.  Hence  the  speed  remains  at  it’s 
maximum  of  15.5  m/s,  as  can  be  seen  in  figure  9.  Then, 
when  entering  the  loops,  the  pulhng  effect  of  the  force  at 
the  shuttle  is  not  sufficient  anymore  to  pass  all  the  curves. 
Now  the  shding-on-inertia  condition  is  reached  which  causes 
the  decrease  in  speed,  shown  in  figure  9.  This  decrease  in 
speed  corresponds  to  a  deceleration  of  1.4  m/s^  which  gives 
an  effective  friction  coefficient  of  0.14.  When  the  end  of  the 
duct  is  reached  the  cable  speed  has  dropped  to  9.5  m/s.  It 
was  not  easy  to  increase  the  maximum  speed  and  the  instal¬ 
lation  length  with  this  experimental  setup.  This  is  due  to 
the  limited  power  (1  kW)  of  the  motors  which  makes  con- 
troUing  very  difficult.  The  trajectory  was  however  such  that 
traditional  puUing  of  a  cable  was  far  from  possible. 


Figure  9:  Speed  v  and  effective  cable  tension  Fo  as  a 
function  of  time  t  in  the  looped-trajectory  field  trial 


Conclusions 

With  the  described  ultra-high-speed  method  for  the  installa¬ 
tion  of  cables  in  ducts  much  longer  lengths  can  be  installed 
than  with  existing  techniques.  A  length  of  10  km  of  fibre- 
optic  trunk  cable  can  be  installed,  according  to  theory,  in 
one  "shot”  taking  only  2  minutes.  Since  the  ’’capstan-effect” 
is  avoided  this  result  will  also  be  obtained  in  curved  duct- 
trajectories.  The  mass  of  the  cables  is  not  of  importance  for 
the  functioning  of  the  described  instaUation-method.  Hence 
any  cable  (e.g.  copper  telecommunication-  or  power-cables) 
with  the  same  maximum-pulling-force  to  weight  ratio  as  for 
a  fibre-optic  trunk  cable  can  be  installed  with  the  same  per¬ 
formance.  The  theory  is  proved  by  scale-model  field  trials 


in  straight-  and  looped-trajectories.  Here  1536  m  of  cable  is 
installed  in  2  minutes  and  5  right-angled  curves  and  6  loops 
are  passed  in  7  seconds  respectively.  With  the  described 
technique  a  lot  is  possible  and  much  money  can  be  saved, 
but  also  a  lot  of  development  is  still  necessary.  The  friction 
coefficients  between  cable  and  duct  are  measured.  The  fact 
that  lubrication  causes  an  increase  in  friction  at  high  speed 
explains  some  deviating  results.  The  friction  remsiins  con¬ 
stant  when  a  ”dry-lubricated”  duct  is  used. 
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Appendix 

Friction-coefficient 

Measurements  of  friction  coefficients  between  cable  and  duct 
are  performed  with  equipment  as  shown  in  figure  10.  The 
duct  which  has  to  be  tested  is  cut  into  two  halves  along  its 
length.  One  part  is  attached  to  the  rim  of  a  bicycle-wheel,  in 
a  rim-similar  way  and  with  a  smooth  joint.  A  sample  of  cable 
is  placed  along  90"  of  this  ” duct-rim”.  A  weight  is  attached 
at  one  side  of  the  cable  while  the  other  side  of  the  cable  is 
attached  to  a  load  cell  (see  figure  10).  When  the  wheel  is 
rotating  with  a  certain  speed  v  (at  the  rim)  the  friction  coef¬ 
ficient  between  the  cable  and  duct  for  this  speed  follows  from 
Fi  and  Fj' .  Care  has  been  taken  that  the  weight  is  low  and 
the  measuring  time  is  short  to  avoid  heating  of  cable  and 
duct,  especially  at  high  speeds,  as  much  as  possible.  Large 
amounts  of  lubricant  cannot  be  tested  at  high  speeds  of  the 
wheel  because  a  lot  of  it  is  swept  away  then. 


Figure  10:  Experimental  setup  to  measure  the  friction 
coefficient  between  cable  and  duct  for  different  speeds 


The  cable  which  is  used  in  the  test  is  the  same  PVC-jacketed 
single-fibre  cable  as  is  used  in  the  field  triads.  Two  kind  of 
ducts,  both  with  inner  and  outer  diameters  of  12  and  16  mm 
respectively,  are  used.  The  first  one  is  made  out  of  pure 
HDPE  and  is  tested  dry,  with  paraffin  oil  and  with  water  (in 
the  latter  case  a  cable  with  HDPE-jacket  was  used).  The  sec¬ 
ond  duct  also  consists  of  HDPE,  but  has  a  solid  "lubrication” 
inner-layer.*  This  duct  is  only  tested  dry.  The  experimental 
results  are  given  in  figure  11. 


Figure  11:  Friction  coefficient  between  cable  and  duct  as  a 
function  of  speed  for  a  PVC-jacketed  cable  with  dry- 
(rhombi)  and  lubricated-  (squares=paraffin  oil  and 
triangles=water)  HDPE  ducts  and  also  for  "dry-lubricated” 
HDPE  ducts  (circles).  Weights  of  40  and  100  grams  are 
used,  indicated  by  open  and  solid  symbols  respectively 

From  figure  11  it  is  clear  that  lubrication  with  paraffin  oil 
causes  an  increase  in  friction,  contrary  to  the  situation  at 
lower  speeds.^  This  can  be  explained  by  a  speed- dependent 
lubricant-viscosity  friction.  Since  this  friction  does  not  de¬ 
pend  on  the  force  at  which  the  cable  is  pushed  against  the 
duct- wall  its  effect  is  higher  for  lower  weights,  as  can  be  seen 
in  figure  11.  The  friction  coefficient  for  dry  ducts  is  much 
lower,  but  still  increases  with  speed.  Also  when  using  "dry- 
lubricated”  ducts  the  friction  coefficient,  which  is  lower  now, 
increases  with  speed.  This  increase  with  speed  can  prob¬ 
ably  be  explained  by  heating  of  cable  and  duct.  This  is 
supported  by  the  fact  that  cooling  with  a  slight  amount  of 
water  results  in  low  friction  coefficients  at  all  speeds.  More¬ 
over  the  looped-trajectory  field  trial,  in  which  the  tension  in 
the  cable  is  much  smaller  (and  hence  the  heat  production 
is  less),  indicates  that  the  friction  coefficient  between  cable 
and  "dry-lubricated”  duct  is  only  0.14. 
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ABSTRACT 


IMTROOUCTIOW 


The  second  2500  kiloawtre  Perth  to  Adelaide 
optical  fibre  cable  route  was  required  to  provide 
extra  capacity  between  the  West  and  East  coasts  of 
Australia  and  to  provide  necessary  route  diversity 
for  Telecom  Australia's  high  capacity  broa(ft)and 
network.  Environmental  factors  had  a  significant 
iipact  on  the  installation  techniques  applied  to 
this  project.  In  particular,  rocksawing  was 
required  on  550  km  of  the  route,  and  a  43  km 
section  crossed  an  environomntal ly  sensitive  prawn 
trawling  region  characterised  by  difficult 
installation  conditions.  Furthenaore, 
approximately  800  km  of  the  route  is  the  natural 
habitat  of  the  Western  Australian  Christsms  Tree, 
a  plant  that  has  a  record  of  causing  significant 
cable  daange  by  its  parasitic  root  system.  The 
Southern  Hairy  Nosed  Wombat  also  posed  a  threat 
because  of  its  deep  burrows  and  ability  to  danmge 
cables. 

Soaie  of  the  considerations  and  solutions  to  these 
(jTiique  environmental  challenges  are  presented  in 
detail  in  this  paper. 


A  nationwide,  high  capacity,  single  mode  optical 
fibre  cable  network  has  been  install^  in 
Australia  over  the  past  six  years  [1112].  This 
network  has  been  developed  to  link  all  major 
capital  cities  within  Australia  and  includes  plans 
for  full  route  diversity  between  all  major  cities. 

As  part  of  this  strategy,  a  second  major 
intercapital  trink  link  using  single  mode  optical 
fibre  cable  is  being  installed  between  Perth  and 
Adelaide.  The  route  selected  for  this  second  link 
meant  facing  some  unique  challenges  from 
Australian  flora  and  fauna  not  previously 
encountered  on  optical  fibre  cable  installations. 

ROUTE  SELECTION 

To  conbine  with  installation  of  Regional  projects 
in  Western  Australia,  and  to  achieve  an  overall 
cost  benefit  to  Telecom,  the  link  followed  a  route 
from  Perth  due  South  to  near  Bunbury  (Figure  1), 
and  then  due  East  rejoining  the  Eyre  Highway  about 
200  km  East  of  Esperance.  The  general  route  of 
the  cable  follows  the  Eyre  Highway  then  breaks 
away  and  proceeds  across  Spencer  Gulf  end  on  to 
Adelaide. 
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This  rocte  provided  a  physically  diverse  route 
from  the  first  Perth  to  Adelaide  single  mode 
optical  fibre  cable  which  was  installed  directly 
East  from  Perth  and  followed  the  more  northerly 
route  along  the  Australian  National  Railways 
Reserve. 


EMVIRONMEMTALLY  RESPONSIBLE  INSTALLATION 
TECHNIQUES 

The  first  Perth  to  Adelaide  optical  fibre  route 
follows  a  northerly  route  traversing  the  Nullarbor 
Plain  and  other  terrain  with  approximately  20X 
unrippable  rock.  The  installation  methods  and 
network  performance  have  been  previously  described 
[31.  It  is  noted  that  a  significant  clean  up  cost 
was  incurred  through  the  necessary  use  of  blasting 
and  cross-ripping  techniques,  although  the  use  of 
rocksaws  was  also  effectively  deployed. 

Since  that  time  the  Nullarbor  Plain  has  been 
declared  a  National  Park  and  has  been  nominated 
for  World  Heritage  listing,  consequently  the 
general  obligations  to  environmental  issues  have 
been  increased.  Further,  the  expected  level  of 
unrippable  rock  was  much  greater  for  the  second 
route  and  was  estimated  to  be  in  excess  of  500  km. 
It  was  therefore  necessary  to  further  investigate 
route  preparation  techniques  for  this  installation 
in  an  attempt  to  improve  both  the  route 
preparation  rate  and  cost.  To  ensure  against  the 
excessive  generation  and  exposure  of  large 
boulders  during  the  ripping  process,  only  two 
techniques  could  be  generally  considered;  these 
were  rocksawing  and  the  use  of  an  impact  ripper. 
Negotiations  with  National  Parks  and  Wildlife 
staff,  however,  excluded  the  use  of  the  impact 
ripper  in  the  National  Park  on  the  basis  of  its 
sheer  size  and  bulk  (in  excess  of  100  tonnes). 
Furthermore,  this  technology  had  not  been 
sufficiently  proven  for  Telecom  Australia  to  adopt 
its  use  on  this  critically  timed  project. 

Accordingly,  following  on  from  developments  in 
rocksaw  design  gained  on  the  first  Perth  to 
Adelaide  project,  a  nonber  of  Telecom  Australia 
rocksaws,  together  with  two  commercially  available 
rocksaws  modified  to  Telecom  Australia's 
requi rements  were  purchased. 

Currently  a  total  of  seven  rocksaws  are 
st'stegical ly  employed  on  this  installation  and  to 
date,  have  proven  to  be  both  technically  and 
environmentally  satisfactory. 


CHRISTMAS  TREE  ROOT  ATTACK 

Background 

The  second  Perth  -  Adelaide  optical  fibre  route 
traverses  regions  of  Western  Australia  that  are 
the  natural  habitat  of  the  Western  Australia 
Christmas  Tree,  a  plant  that  has  a  record  of 
causing  significant  damage  to  buried  small  size 
copper  conAictor  cables  through  attack  by  its 
parasitic  root  system.  The  roots  are  capable  of 
penetrating  the  nylon  jacket  and  polyethylene 
sheath  leading  to  ingress  of  water  and,  on 


occasions,  severing  of  individual  conductors  or 
the  cable.  Consequently,  the  possibility  of 
simila.  attack  on  the  second  Perth  -  Adelaide 
cable  was  of  concern. 

Plant  Characteristics 

The  Western  Australia  Christmas  Tree  is  a  member 
of  the  mistletoe  family  and  is  a  smell  multi - 
trunked  tree  up  to  10  metres  high  and  is  classed 
as  the  largest  of  the  root  parasites  in  the  world. 

The  plant  is  endemic  to  Western  Australia  and  its 
distribution  is  confined  to  a  narrow  band  of  less 
than  150  kilometres  in  width  through  the  South- 
West  region  of  the  state.  The  terrain  in  these 
areas  is  predominantly  low  lying  coastal  plains 
consisting  of  sandy  soils. 

Lateral  roots  are  the  plant's  prime  source  of 
moisture  and  nutrients,  which  are  obtained  from 
host  plant  roots.  The  mechanism  by  which  this  is 
achieved  occurs  in  a  nuitser  of  stages  culminating 
in  a  rounded  fleshy  body  which  encircles  the  host 
root.  Within  this  boefy  a  horn  like  structure 
develops  which  provide  the  means  of  slicing  into 
the  host  root  hence  directing  nutrient  paths  into 
its  own  vascular  system. 

The  maxiflun  depth  to  which  Christmas  Tree  roots 
will  venture  in  search  of  these  roots  is  unknown. 
Field  observations  indicate  that  in  some  instance 
the  roots  have  penetrated  the  soil  to  depths  of 
approximately  one  metre,  similar  to  the  depth  of 
buried  optical  fibre  cable. 

Root  Interaction  with  TelecoaiiAfTications  Cables 

Due  to  their  non-specif icity  in  selecting  a  host, 
the  roots  of  the  Christmas  Tree  have  been  known  to 
attack  telecommunications  cables.  Records  of 
penetration  and  complete  severing  of  cables  date 
back  to  the  early  1970s  and  the  level  of  faults  in 
the  region  have  been  significant. 

The  more  severe  attacks,  where  complete  severing 
of  the  coble  has  occurred,  have  been  associated 
with  two  pair  lead-in  cable  which  has  an  outer 
diameter  of  8  rnn.  Attack  on  larger  cables,  up  to 
11  mn  in  diameter,  have  been  less  frequent  and 
resulted  in  only  minor  penetration  of  the  sheath. 

There  has  been  no  report  of  cables  greater  than  11 
mm  in  diameter  being  affected.  Similarly,  cables 
installed  in  20  mm  diameter  unplasticised  PVC 
(UPVC)  pipe  have  been  found  to  be  unaffected  by 
these  roots. 

The  optical  fibre  cable  planned  to  traverse 
regions  inhabited  by  the  Christmas  Tree  had  an 
outer  diameter  ranging  from  just  under  11  inn  to  13 
mm.  The  sheath  and  jacket  materials  were  also 
identical  to  conventional  metallic  cable  which  had 
previously  been  attacked.  Consequently,  due  to 
the  importance  and  increased  capacity  of  optical 
fibre  cables,  cable  protection  options  had  to  be 
considered  and  implemented. 
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Cable  Protection  Potions 

The  investigation  into  the  characteristics  of  the 
Christinas  Tree  root  system  has  not  provided  a 
comprehensive  solution  to  the  problem  of  root 
attack.  However,  a  nunnber  of  options  to  minimise 
the  risk  of  optical  fibre  cable  damage  were 
avai lable. 

The  option  of  removal  of  the  trees  along  the  route 
was  considered  environmentally  unacceptable,  and 
in  fact  this  is  a  protected  species. 

Avoidance  of  root  prone  areas  was  not  practical 
particularly  as  government  environmental  clearance 
allowed  installation  of  cable  along  a  very  narrow 
corridor  of  the  route. 

Use  of  UPVC  conduit  (20  nnt  diameter)  has  been 
proven  to  be  resistant  to  root  attack  due  to  a 
combination  of  its  hardness  and  dimensions 
(diameter  and  thickness).  This  solution,  however, 
proved  to  be  uneconomical  and  would  severely 
retard  installation  productivity. 

Using  flexible  high  density  polyethylene  (HOPE) 
split  pipe  and  ploughing  it  directly  into  the 
ground  with  a  modified  plough  tractor  was  also 
considered.  There  is,  however,  the  possibility  of 
the  fine  roots  entering  the  pipe  via  the  slit  and 
eventually  attacking  the  cable  inside.  The 
overall  cost  factor  also  made  this  option 
unacceptable. 

The  maximun  depth  of  root  penetration  is  presently 
unknown,  however,  it  is  generally  considered  that 
root  activity  predominantly  occurs  within  the  lop 
30  cm  of  the  soil,  only  occasionally  venturing  to 
depths  of  up  to  1  metre.  Laying  the  cable  at 
maxinun  plough  depth  (up  to  1.6  metres)  may  not 
completely  isolate  the  cable  from  the  roots  but  is 
expected  to  minimise  the  risk  of  attack.  The  cost 
of  preparing  the  route  for  burial  at  this  depth, 
however,  is  prohibitive. 

Examination  of  the  characteristics  of  the  root 
system  suggested  that  there  may  be  a  limit  on  the 
size  of  the  host  root  which  could  be  attacked. 
Extensive  statistical  analysis  combined  with 
experience  from  field  staff  indicated  that  cables 
with  a  minimum  diameter  of  16  mm  would  minimise 
the  risk  of  damage.  This  increased  diameter  could 
easily  be  achieved  on  existing  cable  designs  by 
extruding  an  extra  layer  of  polyethylene  sheath 
without  seriously  imposing  on  the  flexibility  of 
the  cable.  This  solution  proved  to  be  the  most 
practical  and  economical  and  allowed  conventional 
installation  techniques  to  be  used. 


SOUTHE8W  HAIRY  HOSED  WOMBAT 

Approximately  250  kilometres  of  the  optical  fibre 
cable  route  traversed  the  natural  habitat  of  the 
Southern  Hairy-nosed  wombat  in  the  Nullarbor 
National  Park  in  South  Australia.  Although 
wombats  are  powerful,  stocky,  burrowing 
marsupials,  there  was  little  information  on  damage 
caused  to  telecommunications  cables  by  wombats. 
However,  investigations  indicated  that  they  had 


the  ability  to  damage  optical  fibre  cable  unless 
it  was  armoured. 

Due  to  the  substantial  cost  penalty  of  using 
armoured  cable  and  because  the  evidence  of  damage 
to  telecommunications  cable  was  minimal  it  was 
decided  to  install  standard,  all-dielectric  cable 
along  this  part  of  the  route.  The  area  is 
currently  under  surveillance  for  wombat  activity 
iiear  the  immediate  cable  route. 


SPENCER  GULF  CROSSING 

Backgrotjvf 

Part  of  the  second  Perth  to  Adelaide  project  route 
is  A3  kilometres  across  the  Spencer  Gulf  in  South 
Australia  (Figure  2).  The  route  was  selected  to 
provide  the  most  direct  link  from  Adelaide  to 
Ceduna  where  a  satellite  earth  station  was  to  be 
connected  to  the  intercapital  optical  network. 
Use  of  the  crossing  reduced  the  total  project 
length  by  approximately  200  kilometres  and 
maintained  the  appropriate  separation  from  the 
first  Perth  to  Adelaide  project.  Analysis  showed 
that  three  cable  crossings,  separated  by 
approximately  1  kilometre,  would  ensure  full 
system  availability  on  the  route  should  one  of 
the  cables  be  damaged. 


FIGURE  2  SPENCER  GULF  ROUTE 


Submarine  Cable  Design 

Primarily  based  on  cost,  a  miniature  design  of 
submarine  cable  was  selected  for  the  project.  The 
16  fibre  cable  consisted  of  a  single  loose  tube 
containing  the  fibres,  surrounded  by  H  galvanised 
high  tensile  steel  wires  and  a  high  density 
polyethylene  outer  sheath.  The  outer  diameter  of 
the  cable  is  11.8  mm  and  its  short  term  tensile 
rating  is  16  kH.  Additional  tensile  strength  was 
provided  where  required  by  the  use  of  add-on 
protection  consisting  of  steel  wire  rope  contained 
within  a  polyethylene  housing.  The  additional 
tensile  strength  provided  by  the  add-on  protector 
is  110  kN  for  short  term  load  application  (A). 


768  International  Wire  &  Cable  Symposium  Proceedings  1991 


As  the  cable  contains  galvanised  annouring,  but 
does  not  feature  a  moisture  barrier,  considerable 
attention  was  given  to  the  possibility  of  hydrogen 
induced  attenuation  increase.  The  cable  used  has 
an  extremely  effective  corrosion  protection  system 
(flooding  compound)  around  the  armouring  wires, 
which  results  in  a  low  rate  of  hydrogen 
generation.  The  absence  of  a  moisture  (and  gas) 
barrier  is  also  beneficial  in  permitting  any 
hydroge*-.  generated  to  permeate  out  of  the  cable 
stnjcture.  A  trial  installation  of  15  kilometres 
length,  in  up  to  25  metres  of  sea-water,  over  a 
period  of  six  months  has  shown  no  measurable 
increase  in  attenuation  at  1240  nm  (a  main 
hydrogen  peak  wavelength).  The  attenuation  of  the 
cable  at  1300,  1240  and  1550  nm  will  be  monitored 
closely  over  lime  to  confirm  satisfactory 
operation. 

Environamntal  Hazards 

Very  soon  after  adopting  the  concept  of  a 
submarine  cable  crossing  of  the  Spencer  Gulf,  it 
was  quite  clear  that  considerable  effort  would  be 
required  to  nominate  and  quantify  both  the  cable 
security  hazards  and  the  environmental  hazards 
associated  with  the  cable  installation.  It  was 
well  known  that  marine  activities  in  the  area  were 
associated  with  heavy  shipping,  intensive  prawn 
trawling  and  recreational  (Mating. 

Discussions  with  marine  experts  revealed  that 
anchors  from  large  cargo  vessels  would,  in  rough 
seas,  penetrate  3  to  4  metres  into  sand  or  clay. 
No  means  of  cable  burial  could  economically 
eliminate  this  hazard.  Declaration  of  a  no-anchor 
zone  and  the  installation  of  separated  cables  with 
redundant  capacity  would  ensure  network 
reliability.  Recreational  vessel  anchor 
penetration  was  found  to  be  less  than  40  cm. 

Investigations  of  the  impact  of  prawn  trawling 
nets  on  the  sea  bottom  revealed  that  even 
intensive  trawling  over  a  period  of  a  day  was 
unlikely  to  reduce  cable  burial  depth  by  more  than 
100  nm.  However,  longer  term  loss  of  cover  would 
be  allowed  for  with  a  conservative  burial  depth. 

Sea  Bottom  Survey 

The  sea  bottom  survey  of  the  three  cable  routes 
showed  a  generally  flat,  featureless  sea  bottom 
with  sand-grass  beds  existing  near  both  shores. 
Typically,  there  was  0  to  0.4  metres  of  sand  over 
several  layers  of  rock. 

On  the  eastern  region  several  diamond  cut  core 
samples  were  taken  revealing  the  rock  thickness  to 
be  in  the  order  of  0.6  metres  thick  over  a  layer 
of  sand. 

The  core  samples  revealed  the  following  (Figure 
3): 

(a)  a  finely  laminated,  very  hard  capping  of  10  to 
40  mm  thick. 

(b)  a  massive  limestone  mid-region  250  to  400  mm 
thick. 


(c)  a  fractured  and  friable  limestone  lower  region 
of  ISO  to  250  mm  thick. 

The  compressive  strength  of  the  core  samples  was 
consistent  with  the  rock  nature  generally  ranging 
from  90  Mpa  down  to  about  3  Hpa.  The  highest  test 
value  achieved  was  over  120  Mpa. 

On  the  western  region  the  rock  was  not  as  thick  or 
hard  and  generally  existed  as  thin  fractured 
blocks. 


FIGURE  3  TYPICAL  SECTION  THROUGH  (aiCaiETE 
SEQUENCE 


Installation  Aspects 

The  hardness  and  extent  of  the  rock  within  the 
burial  zone  for  the  three  43  kilometre  subnarine 
crossings  clearly  indicated  that  very  reliable, 
heavy-duty  equipment  would  be  required  to  securely 
bury  the  cables  within  a  reasonable  time  frame. 

The  total  length  of  the  difficult  installation 
conditions  meant  that  the  project  duration  would 
be  in  the  order  of  months.  During  such  a  lengthy 
period  winds  exceeding  100  km/hour  and  sea  swell 
and  chop  of  up  to  4  metres  could  be  expected.  The 
marine  vessels  used  must  cope  with  such  conditions 
without  cable  damage  and  preferably  without  the 
need  to  cut  the  cable  in  order  for  the 
installation  vessel  to  seek  shelter.  In  addition, 
the  ability  to  accurately  maintain  a  course  while 
operating  in  rough  weather  was  required. 
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An  extensive  region  of  shallow  water  at  the 
western  landfall  suggested  that  a  shallow  draft 
barge  would  offer  significant  advantages  in 
installation  in  this  region. 

With  a  maximum  water  depth  of  only  30  metres  it 
was  recognised  that  a  marinised  version  of  a 
hydraulically  powered  land  rocksaw  would  most 
economically  provide  the  reliability  and  power 
required  for  the  cable  burial. 

Telecom  Australia's  contractor  arranged  the  use  of 
equipment  which  fulfilled  these  requirements.  A 
purpose  built  cable  laying  barge  was  the  prime 
installation  vessel  and  was  used  in  a 
configuration  in  which  the  barge  was  winched 
sideways  across  the  gulf.  This  allowed  the  barge 
to  face  into  the  prevailing  northerly  and 
southerly  winds  and  sea  currents.  In  addition,  a 
four  anchor  mooring  anchor  system  used  in 
conjunction  with  two  400  HP  thruster  motors 
permitted  continuation  of  installation  in  high 
winds  and  heavy  seas. 

A  marinised  and  modified  land  tractor  of  American 
origin  was  the  cable  burial  equipment  for  the 
marine  part  of  the  installation.  The  diesel 
engine  and  hydraulic  pcnp  were  mounted  on  the  deck 
of  the  barge  and  provided  hydraulic  power  to  the 
tractor's  hydraulic  motors  for  powering  the  rock 
cutting  chain  and  tracks,  via  a  nunber  of  70  metre 
long  hydraulic  hoses.  The  marine  rocksaw  has  a 
numter  of  features  which  proved  to  be  very  useful 
in  achieving  a  successful  installation  as  follows; 


*  BOO  horsepower  available  for  rocksawing 

*  Very  heavy  duty  rock  cutting  chain  450  mn 
wide. 

*  Capability  to  rocksaw  to  a  depth  of  2  metres. 

*  Capability  of  laying  cable  to  a  depth  of  1.8 
metres  via  a  cable  laying  chute  attached  to 
the  rear  of  the  rock  cutting  blade. 

*  Ability  to  self  track  which  is  useful  in 
shallow  water. 

*  Suitability  for  being  towed  when  out  of  sight 
in  deep  water  and  directional  control  from 
self  tracking  would  be  difficult  to  achieve. 

Figure  4  illustrates  the  installation  method. 

The  Installation  Achieved  and  Envi rooeentat  Iscact 

Diver  inspections  were  conducted  at  four  sites  on 
the  route  primarily  to  assess  the  environmental 
impact  of  the  installation.  As  part  of  this 
process  small  excavations  were  made  to  determine 
cable  burial  depth  and  to  determine  the  nature  of 
the  damage  to  the  various  sub-bottom  layers.  It 
was  noted  by  the  divers  that  the  rocksaw  had 
produced  a  very  uniform  trench  approximately  450 
inn  wide  and  from  1.7  to  1.9  metres  deep  through 
rock  and  sediment.  Assessment  of  the  installation 
clearly  indicated  negligible  impact  on  the 
envi ronment . 
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At  a  cable  burial  depth  of  1.8  metres,  most  often 
through  at  least  one  layer  and  usually  through 
more  layers  of  calcrete,  the  cable  is  considered 
to  be  extremely  well  protected  from  the  hazards 
associated  with  prawn  trawling  and  recreational 
boating.  Although  a  no  anchoring  zone  has  been 
declared  in  this  region,  large  vessels'  anchors 
may  be  used  here  in  emergency  situations.  There 
appears  to  be  a  high  probability  that  in  such  a 
situation  no  part  of  the  anchor  would  find  its  way 
to  the  bottom  of  the  backfilled,  relatively  narrow 
trench  to  cause  cable  damage. 


COWCLUSlOW 


A  range  of  unique  environmental  challenges  were 
presented  with  the  installation  of  the  second 
Perth  to  Adelaide  optical  fibre  cable  route. 
Solutions  were  successfully  developed  to  establish 
a  secure  installation  with  minimal  impact  on  the 
environment. 
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Optical  Fiber  Cable  Transfer  Splicing  Machine 
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Abs  t  rac  t 

.As  optical  fiber  cable  networks 
expand,  the  need  for  techniques  to 
maintain  optical  lines  has  grown. 
Methods  of  replacing  e.xisting  optical 
fiber  lines  with  new  fiber  cables  have 
become  essential.  As  multiconductor 
optical  fiber  cables  replace  conventional 
ones,  multiconductor  connectors  are  being 
widely  used  to  enhance  the  efficiency  of 
installation.  Towards  this  end,  we  have 
developed  a  fiber  transfer  splicing 
machine  that  exchanges  optical  fiber 
cables  faster  and  more  reliably. 


1  . Int  roduct ion 

Now  that  optical  fiber  cables  are  being 
widely  used  in  cable  networks  the  number 
of  fibers  in  optical  fiber  cables  Is 
increasing  steadily.  A  1000-fiber 
cables  consisting  of  4-fiber  or  8-fiber 
ribbons  has  alread.v  been  developed  and  is 
being  widely  used  in  Japan.  In  order  to 
splice  or  measure  a  large  fiber  count 
cable,  a  fiber  ribbon  connector  is  being 
widely  used  both  in  the  field  and  in 
bu i Id ings  . 

As  optical  fiber  cable  networks  expand, 
maintenance  techniques  have  become 
increasingly  important  for  ensuring 
smooth  operation.  Reliable  methods  of 
replacing  faulty  optical  fiber  cables  are 
greatly  needed. 


We  have  developed  a  flbei'  transfer 
splicing  machine  that  makes  it  possible 
to  I'eplace  optical  fibei'  lines  by 
switching  the  connectors  at  both  ends  of 
the  fiber  line.  This  transfer  splicing 
machine  is  intended  priraarilv  for  use  in 
manholes.  The  device  is  compact, 

lightweight  and  portable.  It  switches 
4 -fiber  and  8-fiber  single  mode 
multifiber  optical  connect  oi's  (MT 
connectors)  by  f  i  r  s  f  1  .v  removing  the 
retaining  clip  in  an  MT  connection. 

Two  such  transfer  splicing  equipment 
are  used  simultaneously  to  transfer  both 
ends  of  a  cable.  Tile  line  is  replaced 
in  less  than  20ms  on  average  witli  a 
connection  loss  fluctuation  of  below 
O.odB.  The  synchroitous  error  between  the 
two  devices  is  less  than  Iras. 

The  transfer  splicing  machine  also 
allows  for  a  manual  or  automatic  return 
to  the  original  connection  should  any 
problem  arise  during  or  aft  e  r  t  h  e 
switching  opera t  ion.  When  returning  a 

cable  to  its  original  connection,  the 
switching  time  is  again  less  than  2f)ms  on 
average  with  a  connection  loss 
fluctuation  of  less  than  O.odB. 


2 . Sys  t  em 

2.1  System  configuration 

Figui-e  1  shows  the  optical  fiber  cable 
transfer  splicing  system  configuration. 
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I'liis  systeinf  1  I  consists  of  a  pair  each 
of  fit)  or  transfei'  splicing  machines, 
synctironous  control  devices,  and  fiber 
identification  devices|2|.  The  functions 
of  t  tiese  components  are  listed  in  Table 
1  . 


Table  1  Functions  of  systei  coiponents 


Sy.stvi  I'oiponents 

Functions 

Fiber  transfer 
spl iCinK  iflchine 

Autoiaticaily  transfers  optical  connectors 

Syncnriincuti 
control  device 

•  Controls  the  transfer  operation  of  the 
transfer  splicing  iachine 

•  Detects  the  conductor  identification  signal  light. 

Point-to-point  talk  function 

•  Data  coiiunication  function 

■  Displays  the  contents  of  transfer  splicing  and  the 
results  of  aeasureients 

Fiber  identification 
device 

Detects  the  conductor  identification  signal  light. 

•  Verifies  the  tape  fiber  line  nuiber 

During  transfer  splicing,  conductors 
are  identified  by  injecting  an 
identification  signal  ligtil  of  l.f)0|iin 
modulated  to  2  7  0  H  z  f  i-  o  in  the  central 
office,  then  liencling  an  optical  fiber  at 
the  transfer  point  witti  the  synchronous 
conirol  de%ice,  and  there  after  checking 
for  the  presence  of  the  c  o  tid  u  c  t  o  r 
ident  ificat  ion  signal  light  through  the 
bending  light  injected  at  the  time  the 
f i be r  i s  bent  . 

To  transfer  optical  fiiier  cables,  the 
MT  connector  on  the  existing  cable  side 
which  is  used  at  the  optical  fiber  cable 
splicing  point  must  be  set  on  the  fiber 
transfer  splicing  m  a  c  h i n  e .  A  not  her 
MT  connector  on  the  new  cable  side  must 
also  be  set  on  the  same  transfer  machine, 
iliese  two  connectors  are  then  used  to 
transfer  the  cables. 

ihe  trtinsfer  splicing  procedure  and  the 
results  of  measurements  are  shown  on  the 
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inject  the  conductor  identification 
signal  light  from  the  central  office,  and 
identify  the  conductors  at  the  two 
transfer  splicing  points  by  using  the 
synchronous  control  device  and  the  fiber 
identification  device.  As  for  the  new 
cable  to  be  laid,  inject  the 
identification  signal  light  into  the 
cable  from  the  transfer  splicing  point  on 
one  side  and  verify'  the  injected  1 

identification  signal  light  at  the  othei- 
work  point,  then  identify  the  conductors. 

At  this  time,  the  line  numl)er  of  the  tape 
fiber  must  also  be  identified. 

After  verifying  the  same  conductors  of 
the  new  and  existing  cable  at  both  work 
points,  set  the  optical  connectors  at  the 
splicing  points  onto  the  fiber  transfer 
splicing  machines. 

Unsure  synchronization  between  the  two 
work  points,  and  simultaneously  sv,itch 
the  two  splicing  points. 

Transfer  other  optical  fiber  conductors 
in  the  same  manner.  After  transferring 
all  optical  fibers  in  the  cable,  replace 
Ihe  splicing  section  back  into  the 
mechanical  closure.  This  completes  the 
transfer  splicing  process. 


Fig. 2  Transfer  splicing  process 


H^DesJjin 

3  .  1  Has  i  c  lies  i  gn 

The  fiber  transfer  splicing  mac'hine 
<)  n  i  c  k  1  y  a  n  d  r  e  1  i  a  1)  1  y  s  w  i  I  c  h  e  s  the 
existing  MT  connector  of  Ihe  existing 
line  lo  the  new  .'IT  eonni'ctor  at  Ihe 
splieing  point  of  an  o|)tical  fiber  cable. 


Since  t  ii  e  existing  line  has  a 
transmission  signal  passing  through  it, 
the  transfer  operation  must  be  liighly 
reliable.  In  addition,  the  transfer  time 
must  be  as  short  as  possible  because  the 
hit  time  of  the  transmission  signal  must 
be  minimized. 

Additionally,  this  machine  must  be 
carried  to  transfer  splicing  points  and 
operated  in  a  limited  space.  Therefore, 
]t  must  be  cojnpact  and  light. 


3.2  Optical  fiber  connector 

f  h  e  III  e  c  h  a  n  i  c  a  1  1  \  t  r  a  n  s  f  e  r  a  b  1  e 

iiiultifiber  connector  (  MT  connec  t  or  )  I  3  I  as 
siiown  in  Fig.  3  is  used  at  the  splicing 
point  of  the  opt  ical  fiber  cable  to  be 
t  rans  f  e  r red . 

The  MT  c(inne<'tor  consists  of  a  pair  of 
plast  i  i'  feri'iiles  produced  b\  t  ransfer 
molding,  two  alignment  pins,  and  a  clamp 
stir  i  11  g.  In  the  plastic  ferrule,  two 
alignment  holes  are  iitcide  with  1  oi'  8 
opt  ical  fibers  arranged  between  them. 

The  two  alignment  pins  can  move  freely 
in  t  h  e  a  x i a  1  d i r  c  o  t  i  o  n  i n  s i d  e  t  h  e 
alignment  h(.iles  in  the  ferrule.  The 
alignment  holes  are  axiall\  tliroiigh. 

The  alignment  pin  is  approx i ma t e 1  \  3mm 
longer  t  lian  the  ferrttle  length.  If  the 
alignment  pins  are  full\  inserted  in  one 
ferrule  at  sfiliciiig,  the  pins  can  still 
be  inserted  into  the  other  ferrule  by  an 
a  d  d  i  t  i  o  n  a  1  3  iii  iii  I  o  t-  n  s  ii  r  e  r  e  1  i  a  1>  1  e 

spl ic ing . 

When  splicing  is  completed,  the 
a  1  i  g  n  111  e  n  t  pins  a  re  ins  e  r  t  e  d  i  n  I  o  I  h  e 
alignment  holes  in  the  opposite  ferrule, 
and  a  clamp  spring  is  iiioiiiited  on  the 
ferrules  to  splice  filjers  with  pressure 
a  Pi)  lied  oil  the  si)l  icing  ends.  On  1  In- 
splicing  ends,  an  i  ndex  -  iiia  t  cti  i  ng  gel  is 
ai)i)lied  to  reduce  return  and  connect  ing 
loses. 


I  e  r  1 11 1  f 


Fig. 3  MT  connector  structure 


3.3  i’i’ocedure  for  connector  transfer 
splicing 

Figure  )  shows  the  procedure  for 
transferring  the  .MT  connect  oi'S.  in  the 
even  of  a  malfunct  ion,  the  MT  connector 
is  returned  to  the  original  position  lj\ 
reversing  the  procedure  shown  in  Fig.  1. 
Briefly  the  steps  are  as  follfiws: 

1)  Set  a  connect  oi’  foi'  the  existing  catjle 
and  a  connector  for  t  tie  new  cable  onto 
the  fibei’  ti'ansfer  splicing  machine. 

2)  Remove  the  clamp  s  pi- ing. 

S  imu  1  t  aneous  1  \  ,  apply  pi-essure  using 
the  transfer  splicing  machine. 

3)  Slowly  move  the  alignment  pins  into 
the  plug  on  one  side. 

t)  Move  the  alignment  pins  cjuickly. 
o  )  Mo  V  e  t  h  e  c  o  n  n  e  c  t  o  r  plug  to  t  h  e 
position  of  the  new  plug. 

6)  Insert  the  alignment  pins  into  1  lie 
connec  tor. 

7)  Remo\ e  the  plug  on  the  exist  ing  cal.ile 
side. 

8)  Mount  the  clamp  spring. 

S  imu 1 t aneous 1  \  release  the  pressure 
from  the  transfer  machine. 


!  1 5 e t  t ti e  c c 3 n e c t c  1 5  or  ■  i  m :■  >  r  ‘ f ;  •  ' 


1  P  u  s  ti  Cat  the  g  a  1 0  c  c '  i-  ‘ 


Fig.  4  Connector  transfer  splicing  process 


3.1  Transfi-r  iiiechaii  i  sm 

I  he  transfer  machine  is  diiiiied  into 
two  main  sections,  I  tie  transfer  opt-ralion 
sect  i  o  n  a  n  d  t  ii  e  c  I  a  m  p  s  p  i-  i  ii  g 
r emo  v  a  1  /  f  i  I  t  ing  sect  i  o n  |  1  |  I  .3  ]  . 

file  Ir.-insfer  operal  ion  se('l  ion  consist'., 
of  a  base  on  whic,'ti  t  tie  exist  ing  conneolor 
anil  new  conneolor  are  set  ,  a  meolian  i  sin  to 
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- T  ■  l~  t  -  t  '1  "•  1 - 

i— H  Gms/div 

IQins  (Transfer  Unto) 

. . 

. 

“ — . 

Fit 8  Optical  transfer  wav^f pr« 


fronsfer  t  me  irasi 

Fit  s  Transfer  tine 


Table  2  Relationship  between  operating 
teiperature  and  transfer  tiae 


Operating 

teiperature 

Transfer  tiae 

0  C 

21  ns 

25  " 

20 

^0  " 

20 

1.2  Connection  losses 
1  )  Sp  1  I  c  i  n)J  1  c)ss 

To  verif>  the  connect  ing  loss 

c  ti  a  r  a  c  t  e  f  i  s  t  i  c  s  of  t  li  e  M  f  c  o  n  n  e  c  t  o  r 

during  transfer  s  p  1  i  c-  i  n  g  w  i  t  ii  t  h  c- 

t  r  a  n  s  f  e  r  m  a  c  bine,  u  e  compared  t  b  e 
c  ba  I'a  (.•  t  e  r  i  s  t  i  c  s  of  manual  s[il  icing  and 
splicing  K  i  t  li  t  be  transfer  macbine. 


The  .MT  connector  used  for  measui-einent  s 
of  the  normal  level.  .Xs  shown  in  Fig.  10, 
the  measurement  results  indicate  that  the 
difference  in  the  loss  characteristics 
between  manual  and  mechanical  splicing  is 
very  low.  Thus,  using  a  transfer  machine 
did  not  result  in  g  i'  e  a  t  e  r  connecting 
losses. 


Connection  LOSsiflB' 


Fig. 10  Connection  loss 


2)  Fluctuations  in  connecting  losses 

We  m  e  a  s  u  r  e  d  \ a  r i a  t  i o  n  s  in  the 
connecting  losses  that  occur  when  loading 
or  unloading  the  clump  spi'ing. 

The  measurement  covered  botli  the  clamfi 
spring  r  e  m  o \ a  1  process  and  fitting 
process.  The  MT  connector  iised  for  this 
measurement  was  t  lie  same  as  that  used  for 
evaluation  in  the  previous  section. 

The  measurement  provided  st.able  results 
from  both  the  re  m  o  \  a  1  and  fitting 
processes,  with  losses  var.ving  D.ndb  or 
less. 


.5.V  £'ii!  li '..1 11^  ions 

We  pi'oduced  a  [irototvpe  fiber  transfer 
s  p  1  icing  111  a  c  ti  i  n  e  ;i  n  d  u  s  d  it  in  t  ti  e 
transfer  splicing  of  an  optical  fiber 
line.  With  tills  prototvpe,  wt'  acliieved 
an  average  transfer  .splicing  t  ime  of  20iiis 
a  nd  a  loss  variation  during  t  r  a  n  s  f  e  r 
splicing  of  less  t  lian  ll.adB.  ITi  i  s  filler 
transfer  splicing  machine  will  be  useful 
for  transfer  splicing  work  in  the  future 
subserilier  opt  ical  line  nelwiirk. 

We  intend  to  continue  field  experiments 
to  V  i'  r  i  f  V  t  b  e  c  li  a  r  a  c  t  e  r  i  s  I  i  c  s  of  I  li  e 
eipiipmeii’  and  carrv  out  relialiilitv 
tests  of  duraliililv,  env  i  I'oumen  I  a  1 

<-iia  ra  c  t  e  r  i  s  t  ics,  .and  ot  tiers  to  real  i  e 
the  future  use  and  enbanee  operabililv 
and  i-e  1  i  a  b  i  1  i  t  V  . 
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ABSTRACT 

The  commercial  subscriber  and  intra¬ 
building  wiring  systems  available  today 
are  not  sufficiently  modular  and 
flexible  such  as  to  guarantee  a 
complete  transparency  to  all  the 
services  and  to  meet  the  stringent 
reguirements  of  the  future 
applications.  For  this  reason  SIRTI, 
the  major  installation  company  in 
Italy,  taking  into  account  all  its 
experience  of  sixty  years  of 
installation  of  telecommunication  and 
power  networks  in  Italy,  has  developed 
a  fiber  optic  solution  based  on  optical 
cables,  components  and  accessories. 
This  proposal  is  capable  at  the  same 
time  to  implement  a  premises  network 
system  according  to  EIA/TIA  "Commercial 
Building  Wiring  Standard"  architecture 
as  well  as  a  fiber  optic  solution  for 
subscriber  loop  networks. 

This  paper  describes  the  problems 
related  to  the  choice  and  development 
of  this  line  of  accessories  and 
components  which  can  be  suitable  for 
different  types  of  environments  and  can 
be  adopted  to  meet  the  different  needs 
of  the  users. 


INTRODUCTION 

Over  the  last  few  years  an  increasing 
importance  has  been  attached  to 
telecommunication  systems  not  only  in 
public  environment  but  also  inside 
private  organizations  (offices,  banks, 
business  areas,  campuses,  research  and 
development  centers,  airports, 
railways, . . . ) . 

The  technigues  developed  so  far  for  the 
implementation  of  fiber  optic  networks 
have  been  designed  as  suitable 
especially  for  long-haul  networks.  The 
needed  integration  of  the  existing 
fiber  optic  trunk  and  junction  networks 
with  the  new  optical  subscriber  loops 


and  with  the  foregoing  local  area 
networks  inside  private  organizations 
reguires  the  development  of  an  "ad  hoc" 
solution.  These  two  realities  are  both 
related  to  the  connection  of  the 
subscriber,  seen  from  a  public  operator 
point  of  view  as  well  as  from  the 
private  network  environment. 
Consequently  they  have  a  lot  of  common 
problems  and  possible  solutions  may 
find  their  way  on  the  substrate  of  the 
same  communication  system. 

In  the  design  phase  of  the  system  and 
the  accessories  a  detailed  analysis  of 
the  ambient  is  required.  The  goal  of 
the  preliminary  study  driven  within 
SIRTI  has  been  the  definition  of  the 
different  needs  of  a  local  network  in 
comparison  with  long-distance  network 
requirements,  taking  into  account  the 
main  installation  techniques,  using 
both  copper  and  optical  fibers  as  a 
physical  layer. 

As  an  example,  a  very  generic  scheme  of 
a  network  is  shown  in  figure  1. 


Figure  1 

Scheme  of  a  generic  network 
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Compared  to  a  geographical  or 
metropolitan  area  network  a  premises 
wiring  system  intended  to  cover  a 
limited  area  shows  the  following 
characteristics,  regardless  if  the 
network  is  within  a  public  environment 
(Central  Office  to  Branching  Box  and 
eventually  TLC  outlet)  or  a  private  one 
(Internal  Building  Wiring)  : 

.  reduced  area  (1-2  km); 

.  no  regeneration  need; 

.  iarge  number  of  users  per  area  unit; 

.  multiple  sectional  points; 

.  frequent  reconfiguration  need; 

.  strong  technological  impact; 

.  heterogeneous  traffic. 

A  suitable  complete  premises  wiring 
system  (accessories,  components  and 
cables)  capable  to  meet  the 
characteristics  mentioned  above  shall 
have  the  following  features; 

.  Modularity  and  easy  configurability: 
different  cabling  system  elements 
need  to  be  modular  so  to  allow  easy 
network  configuration.  The  TLC 
infrastructure  shall  be  designed  on  a 
planning  base  able  to  consider  the 
network  lifetime  (15-20  years). 

.  Cheap  installation,  maintenance  and 
reconfigurability;  in  consequence  of 
users'  change  of  position  or  network 
expansion  the  cabling  system  needs  to 
be  easily  and  rapidly  reconfigured. 
The  cost  of  a  premises  wiring  system 
Installation  shall  be  compared  to  the 
end  of  life  cost.  The  end  of  life 
cost  is  strongly  influenced  by  the 
maintenance  cost  and  by  interruption 
of  the  users  working  activity  due  to 
reconfiguration  interventions. 

.  TLC  systems  independence:  TLC 

infrastructure  shall  be  designed 
during  the  building  plan  apart  from 
network  applications. 

In  accordance  with  LAN  (Local  Area 
Network)  standard:  this  feature 

allows  to  support  the  most  common 
local  applications. 

.  Multifunctionality:  a  premises  wiring 
system  shall  be  able  to  support 
heterogeneous  traffic  (voice,  video 
and  data)  avoiding  superimposed 
networks . 

However,  as  much  as  possible  the  same 
standardized  modules  suitable  for 


different  uses  with  the  purpose  of 
reducing  costs  and  increasing 
modularity  and  interchangeability  will 
be  kept  as  the  winning  principles  of 
the  overall  system. 


SUBSCRIBER  LOOP  NETWORKS 

Although  most  of  the  attention  of  the 
development  activity  has  been  devoted 
to  the  aspects  covered  by  the  EIA/TIA 
"Commercial  Building  Wiring  Standard"^ 
architecture,  some  specific  designs 
have  been  identified  which  are  more 
likely  devoted  to  a  public  environment. 
These  solutions  take  into  account  the 
problems  related  to  the  traditional 
telephone  network  installation 
practices  in  view  of  the  development  of 
high-speed  data  communication,  MAN 
(Metropolitan  Area  Network)  standards 
and  value-added  services  such  as  the 
integration  of  voice,  data  and  video 
signals . 


Compact  fan-out 

Coming  into  a  more  detailed  description 
of  the  new  accessories  designed  for 
this  purpose,  a  starting  point  has  been, 
to  consider  a  compact  fan-out  structure 
as  the  basic  component  to  provide  a 
transition  from  multifiber  units  to 
individual  fiber  connectors.  This 
component,  in  fact,  allows  a  high 
density  fiber  termination  to  be 
implemented  in  a  short  time  in  Main 
Distribution  Frames  (within  the  Central 
Offices,  for  instance)  as  well  as  at 
Distribution  Cabinets  (in  the  street) 
or  at  Branching  Boxes  (at  the  Customers 
Premises).  The  termination  of  the 
feeder  cable  using  fan-out,  in  fact, 
allows  network  flexibility  at 
individual  fiber  level  (any  individual 
feeder  fiber  can  be  cross-connected  to 
any  secondary  distribution  fiber) .  More 
generally  fan-out  may  be  used  any  time 
it  is  necessary  to  have  access  to 
individual  fibers. 

Due  to  the  higher  fiber  counts  of 
cables,  it  seems  that  also  in  this  case 
the  use  of  fan-out  can  give  a  lower 
cost  in  network  implementation  because 
of  overall  time  saving  during 
installation. 

The  fan-out  shall  both  be  factory  and 
field  installable.  Factory  installation 
has  to  be  preferred,  whenever  possible, 
for  lower  cost  and  better  performance. 
Furthermore,  fan-out  technique  would 
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allow  an  overall  time  and  cost  saving 
on  network  implementation.  Once  the 
cable  side  has  been  properly  terminated 
via  mass  splice  or  multi  fiber 
connector,  fan-outs  can  be  fitted  to 
interface  cable  fibers  to  the  equipment 
any  time  there  are  requirements  for 
further  subscriber  activations.  This 
can  be  done  with  very  simple  tooling 
and  with  no  active  control  of 
performance.  In  addition,  initial 
investment  to  implement  the  network  can 
be  limited. 

The  compact  and  fully  integrated  fan¬ 
out  (Patented)  has  been  built  in  such  a 
way  that  both  the  single-way  and  the 
multi-way  connectors  are  incorporated 
in  the  structure.  It  is  clear  that  in 
this  scenario  the  possibility  to  have  a 
fan-out  connector  which  realizes  a 
direct  transition  from  a  multi-fiber  to 
a  single-fiber  unit  is  very  interesting 
in  some  environments  where  the  saving 
of  space  is  of  primary  importance.  Of 
course  also  the  design  of  the  compact 
fan-out  connectors  can  be  such  as  to 
suit  the  needs  of  cabling  and  of  the 
accessories  which  are  used  in  the 
specific  application. 


Figure  2 
Compact  fan-out 
( Patented ) 

The  device  design  has  been  basec  on  the 
attempt  to  reduce  as  much  as  possible 
the  dimensions  of  the  fan-out.  Some 
constraints  had  to  be  considered  in 
this  effort,  as  the  eventual  need  to 
arrange  the  extra  lengths  of  fiber  and 
the  minimum  distance  bet'-’een  the  single 
and  multi-way  connectors  to  allow  the 


polishing  of  the  plugs  themselves.  This 
has  been  the  reason  why  the  envisaged 
solution  considers  the  need  to  have  an 
extra  length  of  fiber  to  allow  an 
easier  polishing  anc  mounting  of  the 
single  and  multi-fiber  units.  This 
leads  to  the  realization  of  a  box 
containing  a  drum  of  fixed  diameter  (at 
least  eight  centimeters)  around  which 
the  fibers  are  arranged,  with  the 
single  and  multi-fiber  units  placed  at 
an  angle  of  90°  between  each  other.  A 
picture  of  the  fan-out  is  shown  in 
figure  2. 


Main  distribution  frame 
Main  Distribution  Frames  (MDF's)  shall 
allow  individual  access  to  cable  fibers 
and  their  cross-connection  to  the 
equipment.  Up  to  now  cable  termination 
at  MDF's  has  been  carried  out  by 
splicing  single  preconnectori zed  fiber 
cords  to  cable  fibers.  This  procedure 
is  very  time  consuming  due  to  the 
always  higher  fiber  counts  of  cables. 
Because  of  this  it  is  not  suitable  for 
high  density  fiber  termination.  The 
fan-out  technology,  on  the  contrary, 
appears  to  be  a  very  suitable 
terminating  procedure  at  MDF’s.  Of 
course  it  is  more  attractive  as  far  as 
it  combines  small  '  size,  robustness, 
suitability  to  high  density  termination 
through  the  use  of  connectors  which  can 
easily  be  packaged  together. 

The  Main  Distribution  Frame  developed 
is  based  on  the  use  of  the  external  N3 
frame  (to  host  modules  of  19  inches  or 
600  centimeters).  The  frame  is  designed 
to  contain  and  fix  a  number  of  compact 
fan-outs  which  allow  the  connection 
among  the  ribbon  fibers  of  the  external 
cables  and  the  fibers  of  the  cables 
internal  to  the  Central  Offices.  The 
connection  is  made  possible  also  by 
jumpers  which  allow  to  separate  the 
subscriber  distribution  from  the 
topographic  structure  of  the  network, 
to  make  an  easier  re-routing  of  the 
network  itself.  The  full  capability  of 
the  Frame  is  of  400  fibers  both 
entering  and  exiting  with  a  total 
number  of  100  fan-out  in  slots  of  25 
units.  The  single  fiber  cables  as  well 
as  the  feeder  cables  can  enter  in  the 
Frame  from  the  top  or  the  bottom. 


FIBER  OPTIC  BUILDINn  WIRING  SYSTFM 

The  need  to  meet  the  end  user 
requirements  and  to  satisfy  the  over 
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mentioned  features  requires  a  premises 
wiring  system  architecture  according  to 
a  widely  used  and  acknowledged 
standard.  The  reference  standard  is  the 
recently  approved  EIA/TIA  n°568 
"Commercial  Building  Wiring  Standard"^. 
The  network  architecture  included  in 
EIA/TIA  568  standard  is  described  in 
figure  3. 


-  Figure  3  - 

EIA/TIA  568  wiring  architecture 


According  to  this  standard  the 
functional  areas  in  which  a  building 
cabling  system  is  organized  are: 

.  Horizontal  Wiring:  "it  is  the  portion 
of  the  TLC  wiring  system  that  extends 
from  the  work  area  TLC  outlets  to  the 
TLC  closet". 


.  Backbone  Wiring:  "the  function  of  the 
backbone  wiring  is  to  provide 
interconnections  between  TLC  closet, 
equipments  rooms  and  entrance 
facilities  in  the  TLC  wiring  system 
structure" . 

.  Work  Area:  "the  work  area  components 
extend  from  the  TLC  outlet  end  of  the 
Horizontal  Wiring  system  to  the 
station  equipment.  The  station 
equipment  can  be  any  of  a  number  of 
devices  included  but  not  limited  to 
telephones,  data  terminals  and 
computers" . 

.  TLC  Closet;  "it  is  an  area  within  a 
building  set  aside  for  exclusive 
purpose  of  housing  equipment 
associated  with  the  TLC  wiring 
system" . 

.  Equipment  Room:  "it  is  defined  as  an 
area  within  a  building  where  TLC 
system  are  housed" . 

.  Entrance  facilities:  "it  consists  of 
the  TLC  service  entrance  to  the 
building" . 

Accessories,  components  and  cables 
described  in  the  following  sections  are 
capable  to  cover  each  functional  area 
and  to  satisfy  the  related 
requirements . 

Over  the  last  few  years  fiber  optic  has 
become  a  strategical  media  not  only  in 
a  public  environment  but  also  in  local 
area  network  and  in  building 
installations . 

The  features  offered  by  fiber  optic 
such  as  heterogeneous  traffic 
integration  capability,  high  bandwidth, 
low  attenuation,  EMI  immunity, 
intrinsic  over-voltage  protection, 
reduced  in  weight  and  in  size  cables 
and  lower  number  of  cables  needed  makes 
this  media  suitable  to  implement  an 
innovative  premises  wiring  system  able 
to  satisfy  the  st'ingent  over  mentioned 
requirements  and  to  be  in  accordance 
with  technological  progress.  Besides 
the  use  of  fiber  optic  is  in  agreement 
with  LAN  standard  and  with  EIA/TIA  568 
standard.  The  fiber  optic  penetration 
process  in  premises  environment  will  be 
developed  in  two  phases:  a  short  term 
phase  in  which  existing  copper  systems 
will  be  integrated  by  fibers  and  a 
medium  term  phase  in  which  end  users 
will  be  interconnected  by  fibers 
directly  (Fiber-To-The-Desk) .  This 
evolutionary  process  will  lead  to 
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premises  networks  exclusively  based  on 
fiber  optic. 


Fiber  optic 

According  to  main  LAN  standards  such  as 
IEEE  802.3  CSMA/CD,  IEEE  802.4  Token 
Passing,  IEEE  802.5  Token  Ring,  ANSI 
X3T9 . 5  FDDI  and  cabling  standard 
EIA/TIA  568,  the  suggested  fiber  optic 
type  is  graded-index  multimode  62.5/125 
micron.  This  is  a  compromise  choice 
based  on  attenuation  and  bandwidth 
performances . 

Besides,  in  comparison  v.’ith  50/125 
micron  fiber  and  in  the  wavelength 
operation  range  (850  nm  and  1300  nm), 
62.5/125  micron  fiber  shows  better 
performances  in  term  of  macrobending 
loss  (Table  1)  and  optical  power  source 
coupling . 


Attenuation  (dB) 


tensile  load,  crush,  impact  and  flexing 
resistance).  The  safety  requirements  to 
be  met  in  the  event  of  fire  force 
installation  companies  to  use  LSOH 
( Low- Smoke- Zero-Halogen)  sheathed 
cables  capable  to  guarantee  not  only 
flame  resistance  and  fire  retarding  but 
also  low-smoke  non  toxic  emission  and 
very  low-smoke  gas  generation^. 

As  an  example  two  premises  optical 
cables  are  presented,  the  former  is  of 
the  loose  coating  fiber  type  and  the 
latter  of  the  tight  coating  fiber  type 
( Figure  4 )  . 


LOOSE  TYPE 


TIGHT  TYPE 


t  -  Op  to  *0  62  5  t25  g-^aoeo  ("ae*  ^ 

fTiuit.moae  tipef  oohcs 

2  Nyion  :oose  lutw 
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A  sf'eat^>ng 
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^  p-De-g.ass  ce~rra-  core 
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3  Streog:'-  memtjeT  nev.a' 
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cable  properties 


Diameter 
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-  Figure  4 
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Fiber  optic  premises  cables 


-  Table  1  - 

Macrobending  loss  in  multimode  fibers 

This  result  is  particularly  interesting 
in  premises  applications  in  which  the 
installation  infrastructures  present 
frequent  reduced  radius  bends  (2-3  cm). 


Fiber  optic  cables 

The  stringent  requirements  in  terms  of 
building  installation  infrastructure, 
people  safety  and  equipment  integrity 
in  the  case  of  fire  require  an 
appropriate  premises  optical  cable 
design.  Cable  structure  shall  be 
reduced  in  size  (external  diameter)  and 
in  weight  but,  at  the  same  time,  able 
to  guarantee  good  capacity  (number  of 
fibers)  and  good  mechanical 
performances  (min  bend  radius,  max 


These  can  be  used  both  in  Horizontal 
and  in  Backbone  Wiring.  In  Horizontal 
Wiring  each  cable  is  4  fibers  organized 
so  that  each  TLC  outlet  is  equipped 
with  two  ports,  one  for  LAN  application 
and  the  second  for  generic  transmission 
(data,  voice  or  video).  In  Backbone 
Wiring,  cables  are  used  in  their 
maximum  configuration  (ten  or  twelve 
fibers  respectively);  if  more  fibers 
are  required  cables  can  be  organized  in 
bundle  structures. 

Besides  optical  fiber  premises  wiring 
system  includes  single  fiber  cables 
(TLC  outlet)  and  twin  optical  fiber 
cords  (Cross-connect  module,  TLC 
Closet,  Work  Area  and  TLC  Outlet) . 


Optical  connectors 

A  premises  cabling  system  shall  offer 
the  maximum  level  of  flexibility  in 
optical  connector  choice.  Accessories 
shall  be  able  to  house  each  type  of 
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conunercial  connector  (ST,  SC,  EC,  FC, 
Biconic,  SMA,  FDDI,...)  to  ensure  the 
maximum  compatibility  with  already 
existing  systems.  However,  in  the 
design  of  the  accessories,  the  SC 
connector  technology  has  been  applied 
with  a  large  use  of  single-way  and 
multi-way  components.  In  fact,  because 
of  his  characteristics,  SC  connector 
appears  to  be  a  very  suitable  choice  to 
meet  the  premises  wiring  requirements 
offering  the  following  features: 

.  its  shape  is  rectangular,  giving  four 
advantages  compared  to  other 
connectors:  lower  loss  fluctuation 

during  coupling  and  uncoupling 
cycles,  easier  insertion  operation, 
high  compression  strength  and  high 
compactness ; 

.  push-pull  coupling  mechanism  allows 
quick  axial  operation  by 

incorporating  self-locking  and 

unlocking  feature.  End  user  is  just 
used  to  handle  push-pull  components 
(electric  plugs); 

low  cost,  handleness  and  lightness 
are  achieved  combining  the  use  of 
zirconia  ferrules  and  plastic-molded 
housing; 

.  good  optical  performances  (less  than 
0.5  dB  insertion  loss  with  multimode 
fibers ) . 

Besides,  the  use  of  SC  connectors  in 
public  environment  forecasts  a  large 
production  with  consequent  cost 
reduction  in  advantage  for  premises 
application. 


case  the  TLC  outlets  can  be  moved  with 
no  expert  installation  staff  needed. 
Factory  fan-outs  assembly  allows  to 
obtain  a  low-cost,  low  optical  loss 
component.  The  installation  phase  is 
easy  and  consists  only  in  the 
interconnection  between  the  two  parts 
of  mechanical  splice,  one  on  user  side 
and  the  other  on  Horizontal  Wiring 
cable  end. 


TLC  Outlet 

TLC  outlet  is  the  accessory  that 
implements  the  double  function  to 
protect  the  above  described  user  ending 
and  to  implement  the  physical  network 
user  interface.  TLC  outlet  shall  be 
designed  to  make  the  installation  phase 
simple,  to  allow  aii  easy  use  and  to  be 
able  to  house  different  types  of 
optical  connectors.  In  figure  5  an 
example  of  TLC  outlet  is  presented. 


User  ending 

Each  fiber  in  Horizontal  Wiring  multi¬ 
fiber  cables  shall  be  connectorized  and 
accommodated  in  TLC  outlets.  The 
transition  between  multi-fiber  cables 
and  single  fiber  cables  shall  be 
realized  through  two  methods.  The  first 
method,  suitable  for  network 
configuration  with  fixed  outlets,  is 
realized  through  fusion  splices  (each 
splice  loss  less  than  0.1  dB) .  This 
approach  doesn't  allow  reconfiguration 
and  shall  be  used  preferably  in  wall 
outlets.  The  second  method  allows, 
through  the  use  of  on  purpose  designed 
optical  components  (  fan-outs  and 
mechanical  multiple  splices),  to 
realize  a  flexible  user  network  with 
reconfiguration  capability;  in  this 


-  Figure  5  - 
TLC  outlet 


This  TLC  outlet  offers  two  optical 
ports  protected  by  a  frontal  door 
against  external  potential  dangerous 
factors  (accidental  crash,  dust,...). 
Presented  TLC  outlet  can  be  floor,  desk 
or  wall  mounted. 


Cross-connect  module 

Cross -connect  module  is  used  to  house 
fiber  endings  (Horizontal  Wiring  and 
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Backbone  Wiring)  in  a  centralized 
manner  and  to  allow  an  easy  network 
configuration  using  optical  patch¬ 
cords.  The  use  of  cross-connect  modules 
represents  a  potential  high  flexibility 
point  in  a  cabling  system.  A  good 
planning  design  phase  to  size  the 
correct  number  of  modules  to  be  housed 
in  TLC  Closet  is  required  not  only  to 
satisfy  the  current  needs  but  also  to 
guarantee  future  network  expansion 
capability.  Module  is  also  equipped 
with  splice  organizers  used  to  protect 
fusion  splices  implemented  between 
horizontal  or  backbone  fibers  and 
connectorized  (all  commercial  fiber 
optic  connectors  shall  be  supported) 
semi-jumper  single  fiber  cable. 
Cross-connect  module  dimensions  shall 
be  in  accordance  with  standard 
dimensions  (19-inches). 

In  figure  6  an  example  of  fiber  optic 
cross-connect  modules  is  shown. 


CONCLUSIONS 

In  this  paper  the  problems  related  to 
the  design  of  accessories  and 
components  suitable  both  for  subscriber 
loop  networks  and  standard  premises 
wiring  systems  have  been  debated.  A 
complete  line  of  fiber  optic 
accessories  and  components 
(Distribution  Frames  and  Racks, 
Termination  and  splicing  modules, 
outlets,  single-way  and  multi-way 
optical  connectors,  fan-out  and  cables) 
developed  by  SIRTI  have  been  presented. 
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-  Figure  6  - 
Cross-connect  modules 

This  module  is  capable  to  house  up  to 
24  fiber  optic  connectors  in  a  lU  19- 
in.  rack.  Optical  cables  entrance  and 
configuration  labels  are  accommodated 
on  the  frontal  panel.  Cross-connect 
structure  is  completely  removable  from 
the  rack  module  to  make  installation 
and  maintenance  operation  easier. 

The  same  module  can  be  used  to  splice 
fiber  together  allowing  up  to  fifty 
fusion  splices  protection  capacity. 
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1.  Abstract 

NTT  has  developed  a  new  operation, 
administration,  and  maintenance  system  called  FITAS 
(Fiber  Transfer  and  Test  System)  for  application  to 
trunk  optical  cable  networks.  The  system  provides  a 
major  advance  in  construction  and  maintenance 
efficiency,  namely  it  enables  operation  and 
maintenance  work  on  optical  fiber  cable  networks-- 
cable  transfer,  fault  location,  supervision  of 
transmission  characteristics— without  in  any  way 
interrupting  services  over  the  network. 

The  system  was  deployed  commercially  in  1990  and 
has  been  operating  satisfactorily.  The  basic  concept 
and  measured  results  showing  the  system's  full 
capabilities  are  presented. 

2.  Introduction 

NTT  has  been  deploying  trunk  optical  fiber  cable 
networks  based  on  single-mode  fiber  cables  since  1983. 

Dispersion-shifted  fiber  cable  has  been  in  use  since 
1988.  These  networks,  offering  through-put 
capacity  up  to  several  Gbit/s,  have  been  deployed 
nationwide.  As  optical  fiber  cable  networks  have 
become  more  extensive,  operation  tasks  such  as  fault 
location,  supervision  of  transmission 
characteristics,  and  cable  transfer  have  become 
correspondingly  more  complicated.  Nevertheless, 
construction  and  maintenance  work  concerning  optical 
fiber  cables  have  been  carried  out  manually  at  NTT 
since  they  were  first  introduced.  Especially  in  the 
case  of  long  trunk  lines,  repeater  stations  are  often 
located  very  far  from  towns.  This  makes  it  very 
difficult  to  locate  faults  in  an  optical  fiber  cable 
in  a  short  time.  The  lime  element  can  be  extremely 
important  in  an  emergency.  This  has  led  to  demand 
for  a  high-performance  operation  system  which  will  not 
disrupt  the  service  provided  over  the  cables. 


Recently,  a  nunber  of  reports  have  appeared  that 
propose  operation,  administration,  and  maintenance 
(OA&M)  systems  for  application  to  optical  fiber  cable 
networks.  In  order  to  fully  exploit  the 
extensive  optical  network  that  has  been  deployed 
throughout  Japan,  NTT  have  developed  an  OA&M  system 
capable  of  performing  automatic  cable  transfer  and 
supervision  of  optical  fiber  cables  which  meets  the 
demands  of  the  new  fiber  cable  environment.  The 
system  is  capable  of  automatic  supervision  of 
transmission  characteristics,  fault  location  and 
cable  transfer  from  a  remote  maintenance  center. 

3.  System  Configuration 

A  schematic  configuration  of  the  system  is  shown 
in  Fig. 1.  It  consists  of  three  key  elements:  a  Fiber 
Transfer  and  Test  Nodule  (FTTN)  (picture  1),  a  Fiber 
Transfer  and  Test  Equipment  (FTTE) (picture  2),  and  a 
Fiber  Monitor  and  (Control  equipment  (FNC).  The  FTTEs 
are  controlled  by  the  FNC,  and  the  FTTNs  are 
controlled  by  an  FTTE.  Nain  specifications  for  the 
system  are  summarized  in  Table  1. 

3.1  Fiber  Transfer  and  Test  Nodule  (FTTM) 

The  FTTN  is  installed  in  buildings  such  as 
telephone  offices  or  tandem  offices.  Each  FTTN 
consists  of  fiber  selectors  and  optical  device  units. 
A  fiber  selector  connects  the  test  equipment  in  the 
FTTE  and  the  optical  device  unit.  It  is  composed  of 
connectors  and  a  movable  mechanism  with  three  axes, 
and  mechanical  optical  switching  equipment.  As  the 
name  indicates,  the  fiber  selector  selects  the  optical 
fiber  to  be  measured  or  transferred  according  to  the 
commands  issued  by  the  FhC  in  the  maintenance  center. 
The  optical  device  unit  accommodates  WDN  couplers, 
filters,  and  multifiber  mechanical  switches.  Figure  2 
shows  a  schematic  overview  of  the  optical  device 
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Fig.l  Cable  Transfer  and  Supervisory 
System  for  Optical  Fiber  Cable 
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Fig.2  Optical  Device  Unit 


Table  1  Main  System  Specifications 


Items 

Optical  device  ui^it 

Test  frame  (FTTE) 

Work  station  (FMC) 

I  Transfer  .. 

Inunction  Transfer  unit 

I  Transmission  medium 

I  Monitor  wavelength 

,  Line  length 

!  Test 
I  function 

•  Measurement  items 


Contents 
8  fibers/unit 

maximum  300  fibers/FTTM 
maximum  10  FTTM  controllable 
maximum  20  FTTE  controllable 
<  10msec. 

2  fibers/4  fibers 
I.SSA'm  DS  fiber  SM  fiber 
1 . 31  um  1 . 55um 

80km  40km 

•  Transmission  characteristic 

(optical  attenuation /splice  loss) 

■  after  cable  construction 

•  before/after  cable  transfer 

■  periodical  monitoring 
■  Fault  location 


unit.  A  bit-rate-free  transfer  switch,  incorporating 
high-speed  nteltifiber  mechanical  switches,  has  been 
introduced  into  optical  cable  networks  for  the  first 
time.  It  enables  optical  fiber  cable  transfer  in 
units  of  2  fibers  at  the  same  time.  Furthermore, 
optical  fiber  cable  transfer  can  be  realized  within 
such  a  very  short  time  that  the  services  over  the 
network  are  never  interrupted. 

The  monitor  light  from  the  test  equipment  is 
injected  into  an  in-service  fiber  line  through  the  MW 
coupler.  The  communication  light  and  the  monitor 
light  propagate  simultaneously  in  an  optical  fiber. 
The  optimum  wavelength  separation  filter  allows  the 
communication  light  to  be  transmitted  and  interrupts 
the  wavelength  of  the  monitor  light.  It  is  set  in 
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front  of  the  transmission  equipment,  so  the  monitor 
light  does  not  influence  the  communication  light. 
Therefore,  this  system  can  carry  out  various  tests 
and  operations  with  no  degradation  in  the  transmitting 
quality  of  the  communication  light. 

This  optical  device  unit  is  capable  of  supporting 
both  dispersion-shifted  fiber  and  conventional 
single-mode  fiber  cables.  If  the  communication  light 
wavelength  is  1.31  ^m,  the  monitor  wavelength  will 
be  1.35  nm.  On  the  other  hand,  if  the  communication 
wavelength  is  1.55  //m,  then  the  monitor  wavelength 
will  be  1.31  /im.  The  optical  characteristics  of  the 
optical  device  unit  are  established  by  taking  both 
the  dynamic  range  of  measurement  capability  and  an 
estimate  of  the  communication  line  into 
consideration.  Then,  the  possible  line  lengths  of 
the  monitoring  operation  are  80  Km  in  the  case  of 
dispersion-shifted  fiber  cable  and  40  Km  in  the  case 
of  conventional  single-mode  fiber  cable.  The  number 
of  optical  device  units  housed  in  the  FTT'I  frame  is  in 
proportion  to  the  number  of  optical  fibers  which  arc 
accommodated  in  it.  An  FTTM  frame  can  accommodate  up 
to  a  maximum  of  300  fibers. 

3.2  Fiber  Transfer  and  Test  Equipment  (FTTE) 

The  FTTE  is  also  installed  in  buildings  such  as 
telephone  offices  or  tandem  offices.  It  accommodates 
control  equipment  and  test  equipment,  including  an 
optical  power  meter,  a  light  source,  and  an  OTDR 
(Optical  Time  Domain  Reflectometer).  The  FTTE  can 
control  the  FTTM  with  commands  from  the  FMC  and  it 
carries  out  attenuation  measurements  and  other  tests. 

Also,  it  can  return  the  test  results  to  the  FMC. 

The  FTTE  can  control  up  to  a  maximum  of  10  FTlMs. 

3.3  Fiber  Monitor  and  C;ontrol  Equipment  (FMC) 

The  FMC  is  usually  located  in  a  transmission 
maintenance  center.  It  is  a  workstation  which  can 
control  several  FTTEs  inside  its  maintenance  area. 
The  FMC  can  control  up  to  a  maximum  of  20  FTTEs.  The 
FMC.  which  is  composed  of  a  personal  computer  and  a 
data  base  sends  optical  line  tests  and  fiber  transfer 
commands  to  the  FTTE.  It  can  also  administrate  fiber 
information  for  up  to  a  maximum  of  10,000  fibers.  On 
the  other  hand,  there  is  a  portable  workstation  which 
can  be  easily  carried  by  a  field  engineer. 


4.  System  Functions 

The  key  functions  performed  by  the  system  are  as 
follows. 

(1)  Remote  cable  transfer: 

Fiber  transfer  between  the  FTlMs  can  be  carried 
out  in  units  of  2  fibers  by  simultaneously 
transferring  the  connectors  in  the  optical  device 
units.  Moreover,  cable  transfer  is  performed 
remotely  from  the  FMC,  and  takes  the  same  amount  of 
time  regardless  of  the  bit-rate. 

(2)  Automatic  test: 

Transmission  characteristics  of  optical  loss  and 
splice  loss,  and  other  tests  needed  in  optical  line 
construction  are  automatically  measured.  Measured 
data  are  analyzed  and  stored  in  a  data  base. 

(3)  Periodical  monitor: 

The  system  can  periodically  check  for  loss 
increase  in  an  optical  fiber  and  detects  cable  joint 
flooding.  It  immediately  alerts  the  maintenance 
center  when  optical  line  faults  occur  or  are  likely 
to  occur  because  of  optical  loss  increase.  These  in- 
service  optical  fiber  characteristics  are 
automatically  measured  without  disturbing  the 
transmission  system. 

(4)  Remote  fault  location: 

Faults  along  the  optical  fiber  cable  are 
pinpointed  and  remotely  processed  through  the  FMC. 
Khen  an  optical  line  fault  occurs,  the  system 
distinguishes  it  instantly  and  displays  it  on  a 
remote  centralized  work  station. 

Advantages  of  the  system  resulting  from  the  above 
functions  are  currently  available.  First  of  all.  the 
system  substantially  reduces  the  amount  of  optical 
fiber  cable  construction  and  maintenance  work  required 
and  permits  the  easy  integration  and  concentration  of 
facilities  management  work.  Secondly,  it  provides 
early  detection  of  both  faults  and  the  degradation  of 
transmission  characteristics.  Finally,  the  system 
contributes  to  higher  quality  telecommunication 
services  by  drastically  shortening  the  time  it  takes 
to  make  repairs  and  implement  cable  transfer. 
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3.  Commercial  Results 

The  cable  transfer  and  supervisory  system  for 
optical  fiber  cables  were  first  introduced  in  Japan 
into  3  routes  (Urawa-Kumagaya,  Tokyo-Nagoya,  Osaka- 
Hiroshima).  Cable  transfer  was  executed  at  5  points 
on  these  3  routes  by  invoking  the  system's  transfer 
capabi 1 ity. 

5. 1  Optical  Device  Unit 

Measured  transmission  characteristic  results  for 
the  optical  device  units  are  summarized  in  Table  2.  As 
shown  in  the  table,  insertion  loss  over  both 
transmission  signal  and  test  paths  by  unifying 
switches,  couplers,  and  filters  is  very  low.  On  the 
other  hand,  the  crosstalk  is  sufficiently  high  so  that 
the  monitor  light  does  not  influence  the 
communication  light. 

Cable  transfer  is  carried  out  by  the  multifiber 
mechanical  switches,  based  on  the  optical  cable 
transfer  system  developed  by  NTl.  The  transfer 
waveforms  of  the  multifiber  mechanical  switch  in  the 
optical  device  unit  are  shown  in  Fig. 3.  The  entire 
switching  sequence,  including  response  and  transfer 
time,  takes  less  than  10  ms.  Detailed  temporal 
distributions  of  the  response  and  transfer  times  for 
the  switch  are  shown  in  Fig. 4.  The  mean  response  time 
was  3.46  ms  and  the  maximum  response  time  was  4.60 
ms.  On  the  other  hand,  the  mean  transfer  time  was 
2.07  ms  and  the  maximum  transfer  time  was  4.25  ms. 


Table  S  Measured  Results  of  Optical  Device  Units 


Items 

Average 

(dB) 

Standard 

Deviation 

Maximum 

(dB) 

Minimum 

(dB) 

Insertion  loss 
(Main  path) 
at  l.SSAim 

0.94 

0.13 

1.11 

0.56 

Insertion  loss 
(Test  path) 
at  1 .31  i^m 

3.12 

MO 

5.80 

I  13 

Crosstalk 
(Test  path) 

■69.81 

at  1.55/1  3lA'm 


Response  Time 

_  ]  3  WmL 

Transfei  Time 
2  0?ms 

Time  (2f'ns/div, 

Fig.3  Transfer  Waveforms  of  Multifiber 
Mechanical  Switch 
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5.2  Fiber  Selector 

Figure  5  shows  the  loss  fluctuation  of  the  fiber 
selector  which  was  examined  in  a  repeated  switching 
test  (up  to  5000times).  It  can  be  seen  that  the  loss 
fluctuation  is  less  than  0.2  dB  and  that  the  fiber 
selector  remains  stable  after  repeated  switching. 
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Fig.S  Loss  Variation  of  Fiber  Selector 
due  to  Repeated  Switching 
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5.3  System  Evaluation  Results 

Overall  performance  for  the  mechanical  and 
optical  characteristics  of  the  system  have  been 
evaluated  including  performance  on  repeat  switching, 
the  heat  cycle,  and  vibration  tests  before  system 
introduction.  Results  are  summarized  in  Table  3. 
The  loss  variation  and  the  transfer  time  variation  of 
the  optical  device  unit  are  less  than  0.1  dB  and  1.0 
ms  respectively.  These  results  show  very  stable 
characteristics,  which  ensure  the  system's  long-term 
reliability. 


Table  3  System  Evaluation  Results 


Items 


Test  condition 

Repeat  switching  r.>500times 
High  temperature  +60C 
-IOC 
0-+40C 
lOOG,  6msec. 


I  Low  temperature 

.  Optical  device  * - 

'  unit 


Heat  cycle 
Impact 


Vibration 


10-''45H2/lmin. 
0.5mm  p-p 


Results 


Loss  variation 
<0.1dB 

Transfer  time 
variation 
i]  .0msec. 


Fiber  selector 


Repeat  switching  300Q0times 

Heat  cycle  0—+40C 

)0'^45Hz/lmin. 
0.5mm  p-p 


Loss  variation 
<0.2dB 


Vibration 


5.4  Operating  Results 

Automatic  measurement  and  data  processing  for 
optical  pulse  echo  tests,  and  the  various  other  tests 
needed  in  optical  line  construction  can  be  carried 
out  more  quickly  by  exploiting  the  limits  of  system. 
Figure  6(a)  shows  a  comparison  between  the  testing 
procedures  when  the  optical  line  was  completed, 
before  and  after  the  introduction  of  the  system.  By 
adopting  the  functions  of  the  system,  the  total  cable 
construction  testing  time  and  the  operating  time  have 
been  cut  by  40%  and  90%,  respectively. 

Fiber  transfer  during  cable  removal  work  can  also 
be  carried  out  more  quickly.  The  system  can  transfer 
2  fibers  at  the  same  time.  Fiber  transfer  between 
the  FTPIs  can  be  carried  out  in  less  than  0.01  second 
by  simultaneously  transferring  the  connectors  which 
arc  accommodated  in  the  optical  device  units.  As  a 
result,  it  is  possible  to  reduce  the  time  needed  for 
cable  removal.  Figure  6(b)  shows  a  comparison 
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Fig.B  Effect  of  System 

between  the  cable  transferring  procedures,  at  the  time 
of  cable  removal  before  and  after  the  introduction  of 
the  system.  The  total  cable  transfer  time  and  the 
operating  time  have  been  cut  by  50%  and  85%, 
respectively. 

6.  Conclusions 

(1)  A  cable  transfer  and  supervisory  system  termed 
Fiber  Transfer  and  Test  System  (FITAS)  for 
application  to  trunk  optical  cable  networks  has  been 
developed. 

(2)  FITAS  was  put  into  commercial  service  by  STT  in 
1990. 

(3)  Results  collected  after  deploying  the  system 
demonstrate  FITAS  works  as  designed:  it  provides  bit- 
rato-free  and  highly  reliable  cable  transfer  and 
supervises  optical  fiber  cable  transmission 
characteristics  without  interrupting  services. 

(4)  Deploying  FITAS  will  reduce  cable  construction 
work  and  maintenance  operations,  and  bring  facilities 
management  together  in  a  centralized  location. 

The  central  features  of  FITAS  —  a  highly 
reliable  transmission  circuit,  preventative 
maintenance  on  optical  cables,  and  the  reduction  of 
time  taken  in  repair  or  replacement  of  cables  —  will 
all  contribute  to  the  improved  quality  of  service 
offered  by  NTT.  NTT  is  now  introducing  the  FITAS 
system  into  every  new  trunk  optical  cable  routes. 
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ABSTRACT 

Automated  database  updating  is  achieved  in  a  config¬ 
uration  management  system  for  optical  fiber  trans¬ 
mission  lines  by  developing  two  new  hardware  compo¬ 
nents.  The  first  is  an  optical  connector  with  an 
EEPROM  module  in  which  the  identifying  codes  of  the 
optical  fibers  are  recorded.  The  second  is  a  small 
bidirectional  optical  data  transmitter,  which  allow 
the  ID  codes  of  the  optical  fibers  to  be  automati¬ 
cally  and  remotely  read  from  an  operation  center. 
Whenever  the  fiber  connections  are  changed,  the  data 
transmitter  automatically  detects  the  changes  by 
reading  the  ID  codes  of  each  connected  pair.  The 
data  changes  are  transmitted  to  the  operation  cen¬ 
ter,  and  the  line  configurations  database  is  updated 
automatically  and  in  real-time.  With  this  tech¬ 
nique,  errors  caused  by  manual  database  modification 
are  greatly  reduced,  resulting  in  more  reliable  and 
speedy  communication  services. 


1.  INTRODUCTION 

Properly  assigning  transmission  media  to  subscribers 
is  very  important  in  supplying  speedy  and  reliable 
communication  services.  In  a  conventional  manage¬ 
ment  system  ,  extensive  manpower  is  necessary  to 
update  the  configuration  database.  This  database 
contains  the  current  line.  Because  data  modifica¬ 
tions  are  entered  manually  through  keyboards,  errors 
inevitably  occur  and  are  accumulated  in  the  long 
term,  resulting  In  reliability^  limitations.  Fur¬ 
thermore,  as  long  as  the  management  system  requires 
manual  database  modifications,  real-time  configura¬ 
tion  management,  which  reflects  current  configura¬ 
tions  at  any  time,  is  impossible  because  of  working 
delays  in  manual  modification.  In  particular,  it  is 
difficult  to  obtain  correct  and  sufficient  line 
operation  information  about  object  cables  under 
fields  where  construction  Is  occurring.  Therefore, 
it  is  necessary  for  several  workers  with  arrangement 
sheets  to  be  separately  stationed  at  offices,  sever¬ 
al  related  fields,  or  subscriber  premises. 

Accumulated  errors  and  lack  of  real-time  capability 
also  influence  centralized  automation  of  optical 
transmission  media  operations’’.  This  involves  the 
configuration  management  system,  a  media  fest/sur- 
veil lance  system^  and  a  media  switching  system^. 


In  order  to  solve  these  problems,  a  new  configura¬ 
tion  management  system  us  proposed.  This  system  has 
real-time  and  automated  data  uiJatlng  capchility, 
and  bidirectional  data  communication  capability. 


2.  SYSTEM  FABRICATION 

Key  components  of  this  system  are  memories  built 
into  each  line  facility,  a  bidirectional  transmitter 
with  microprocessors  and  a  single  optical  fiber  lino 
for  data  transmission.  A  system  block  diagram  is 
shown  in  Figure  1.  Line  facility  data  are  recorded 
in  the  memories,  which  are  installed  in  each  facil¬ 
ity  component.  The  data  for  the  semiconductor 
memories  is  initially  written  according  to  identifi¬ 
cation  codes  by  component  (cable)  manufacturers  or 
network  vendors.  The  semiconductor  memories  arc 
built  into  or  attached  to  optical  connectors.  The 
transmitter  with  microprocessors  is  called  a  local 
controller  (LCTR).  The  LCTR  is  installed  near  the 
facility  components  that  will  be  managed,  and  is 
optieaily  concatenated  to  adjacent  l.CTRs.  There¬ 
fore.  it  can  recognize  configuration  changes  in 
real-time  by  successive  or  on-and-off  reading  of 
memory  data  in  each  facility  component.  A  worksta¬ 
tion  (WS)  set  up  at  a  control  center  office  is 
directly  connected  to  the  nearest  l.CTR,  and  communi¬ 
cates  with  other  LCTRs  thiough  the  single  fiber 
line.  Data  of  facility  components  is  transmitted  to 
the  workstation,  which  automatically  updates  the 
management  database  in  real-time  when  data  changes 
are  detected. 

The  l.CTR  has  functions  other  than  those  mentioned 
above.  It  has  a  multi-channel  A-1)  converter  which 
can  be  connected  with  various  sensors.  This  allows 
automated  and  remote  sensing  capability.  The  work¬ 
station  can  sense  such  things  as  water  penetration, 
temperature,  and  oxygen  density.  This  function 
contributes  to  highly  reliable  network  linos  and 
safer  field  construction.  The  l.CTR  also  has  an 
additional  electrical  serial  data  interface.  Theri'- 
fore,  instead  of  carrying  thick  arrangement  or  line 
information  sheets.  line  workers  can  directly  acces.s 
the  center  database  through  other  computers  attached 
to  the  interface.  For  example,  when  dropping  a 
fiber  to  a  new  subscriber  premise  from  an  aerial 
closure,  correct  fiber  identification  is  very  impor¬ 
tant.  Although  optical  fiber  identifiers*’’'  have 
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TELEPHONE  OFFICE  NANHOLE/CLOSURE 


Fig.!  A  block  diagram  of  a  real-time  configuration 
uanagement  .system  for  line  facilitie.s  of 
optical  fiber  networks 


lic'cn  utilized,  they  are  not  efficient  or  safe  be- 
cau.se  it  is  necessary  to  bend  each  fiber  to  identify 
the  target  fihi'r.  In  the  new  system,  it  is  possible 
to  (?ff icM'iitly  and  accurately  select  an  appropriate 
idle  fiber  by  asking  the  workstation  the  current 
sftrvice  conditions  of  all  fibers.  Thus,  more  reli- 
ahli'  database  and  bidirectional  data  communication 
allows  more  efficient  field  construction. 


3.  1.0CA1.  CONTKOI.I.KR 

3.1  BASIC  CONSTRUCTION  AND  FUNCTIONS 

l.ocal  controllers  (l.CTR)  are  installed  in  fiber 
l(!rminated  modules  (F’TM)  at  central  offices  as  well 
as  fiber  access  closures  in  outside  fields  where 
high  resistance  is  required  against  significant 
changes  in  tempe^rature  and  humidity.  LCTRs  should 
be  small  and  bave  few  components.  Block  diagram  of 
an  l.CTR  is  shown  in  F’ig.2.  A  laser  diode  or  1.F:|)  is 
used  as  a  transmi  tter”’'^  as  well  as  a  detector.  By 
using  a  fiber  coupler  in  front  of  the  laser  diode, 
bidi  r(!Cl  ional  repi^lition  can  be  achieved.  The 
number  of  active  optical  devices  can  be  reduced  to 
one  fourtli  of  that  is  conventional  optical  data 
repealers,  which  require  two  laser  diodes  and  two 
photo-detectors.  A  single-chip  micro-controller  with 
two  (channel  serial  communication  inl;;rfaces  is  also 
included  in  the  l.CTR.  One  of  the  interfaces  is  used 
for  half  duplex  optical  communication  at  a  transfer 
rate  of  1 2.T  kh/s.  The  other  is  a  9600  bps  RS-232C 
interface  for  an  external  terminal.  The  microproces¬ 
sor  controls  optical  signal  bidirectional  repetition 
and  respons(>  upon  interruption  from  the  external 
terminal.  The  m i (preprocessor  also  has  a  four  channel 
A-l)  converter  which  can  be  connected  to  various 
sensors  for  environmental  sensing.  When  transmitting 
data  for  configuration  management  or  on-and-off 
environmental  sensing,  the  rate  is  significantly 
less  than  I  'Ib/s . 


Fig. 2  A  block  diagram  of  a  local  controller 


Fig. 3  An  equivalent  circuit  of  an  O-K  converter 
with  a  iransimpedance  amplifier 
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3.2  Bandwidth  of  transmitters  as  detectors 

Ai\  0-H  converter  model  is  shown  in  Fig, 3.  The 
batulwidlh  of  the  laser  diode  0-E  converter  is  calcu¬ 
lated  as  follows.  The  trans impedance  of  this  model 
is  given  by 

-  r^)  (3.1) 

V  ~  (If  a  I  ( p  ^  C  bf  -r  bp"’  b.-’r  be ) 

1'=^  b,  +  a i(hj  ^  +  b,  +  h,  )  -^  h,(ai  +  (2p  +  a,  +  tir) 

cif  =  \!R/,  bf  -cvCi,  (7p--l/A’p.  bp  —  ojCp 

a,  =  \iR,.  h,  =  wC, 
c2c-  (O'Cl-Rciil  w'CiRc) 

a, -"COS  c'l.-XBSlT).  b,=  -sin  0;'.-\RS{7') 

whi'rc',  <j>  and  1  are  the  internal  phase  shift  and  the 
open-loop  transf('r  function  of  the  amplifier. 
Rf'sponses  for  a  narrow  band  amplifier  (gain-band- 
width  =  4.5MI1/.)  and  an  ideal  wide  band  amplifier 
(gain-bandwidth  is  infinit(')  are  shown  in  Fig. 4, 
where  junction  capacitances  of  the  diodes  are  iO  pF 
(laser  diode)  and  200  pF  (l.FD).  Grt'ater  amplifier 
bandwidlii  rcsult.s  in  greater  0-F  converter  band¬ 
width.  With  an  ideal  amplifier,  the  0-F  converter 
btindwidth  is  determined  by  1/(2  TfCpRs) .  wtiere  Rs  is 
the  diode  equivalent  series  resistance. 

For  actual  0-F  convttrters,  trere  is  anothi^r  band¬ 
width  limitation,  which  is  determined  by  the  optical 
power  It'vel  and  noise  level.  Total  noise  current  is 
givc'tt  l)y 

=  (fen  ^  /"fn  i/I  -r  (pt)'  ^ 

wli(>^('  tile  amplifier  input  noise  voltage  j^omponenl 
i(,p“  ,  input  tioisc  current  component  1^^“  ,  feedback 
rt'sistanci'  tiK'rmal  noise  compont'nt  ij.j“  ,  and  laser 
dio^t'  partilli'I  rt's i St  tince  thermal  noise  component 
ip,-  are  given  by 

i„  =  {-\k,STalRf)'^ 

ipr--{Ak2,BTa!Rp)'~ 

/3  is  the  feedback  rate.  k|j  is  the  Molt/man  constant, 
■r,i  is  I  h('  air  t  ('mi)erati:'''.  ,  and  B  is  the  amplifier 
bandwidth.  Fqui valent  optical  noise  power  in  dBm  is 
given  by 

A?  =10  logni[lO'’-/tt//(w)-/nmiai]  * ’ 

where  h  Is  t  hi'  Planck  constant,  Tj  is  the  quantum 
ef  f  i  c  i  ency  ,  !/>  1  s  the  light  fre<|uency.  and  <]  is  the 
electron  charge.  Relationship  between  the  required 
btindwidth  and  the  allowable  optical  noise  level  is 
a  function  of  diode  junction  capacitance  as  shown  in 
Fig. 5.  An  allowable  noise  level  of  -3!)  dBm  at.  a 
line  loss  of  0  dB  is  calculated  when  the  1,11)  Is  a 
I  rtinsm i  1 1  er/det  ect  or ,  and  when  the  launched  power 
into  till'  coupler  is  -20  dBm.  the  losses  of  the  two 


couplers  are  8  dB,  the  noise  margin  is  11  dB,  and  Cp 
Is  200  pF.  An  LKl)  bandwidth  of  1.2  .'Itiz  is  shown  in 
Figure  5.  For  a  line  loss  of  10  dB,  the  estimated 
bandwidth  becomes  300  kHz  because  the  allowable 
noise  level  decreases  to  -49  dBm.  !"  the  e  way,  a 
200  MHz  bandwidth  for  an  InGa'  p  in'  .  .  diode 

with  a  line  loss  of  0  dB  is  can^uiaied,  where  Cp  = 

10  pF.  transmission  power  is  0  dBm.  When  the  line 
loss  is  10  dB.  the  estimated  bandwidth  becomes 
about  40  MHz  for  the  laser  diode.  Although  th" 
bandwidth  is  restricted  by  the  neis^'  ..iiitation 
mentioned  above,  when  th''  ’  ,,.r  diode  is  a  transmit¬ 
ter  and  a  detector,  it  anow  a  sufficient  bandwidth 
for  our  proposed  management  system.  The  data  trans¬ 
fer  clock  rate  is  only  12.5  kb/s  in  the  prototype 
LCTR  of  our  proposed  management  system,  so  that  both 
of  the  l.FD  and  the  1.1)  arc  available.  Thus,  laser 
diodes  will  become  indispensable  in  improving  I.CTR 
functions  for  mu  1 1 i -cbannel  telephone  communication 
among  l.CTRs  in  line  construction. 


FREQUENCY  (Hz) 

Fig. 4  A  relationship  betwet'n  amplifier  bandwidth 

and  t rans impedance  frequency  response  depend¬ 
ence  of  an  O-F  converter  with  an  FED  or  1.1)  as 
a  detector  (Cc^O.  Rc=infinite,  Rp  =  10  M  ohm.s, 
(:p  =  20()  pF  (l.FD),  10  pF  (l.D),  Ri  =  100  T  ohms, 
('.i=2  pF.  Rs=  10  ohms) 


REQUIRED  BANDWIDTH  (Hz) 


Fig. .5  The  relationship  betwi-en  required  bandwidth, 
noise  powi-r  and  junction  capacitance 
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4.  MKHORY  CONNECTORS 
4.1  Connector  construction 

The  memory  connector  consists  of  a  convnnlionai 
opt  ical  ferrule,  an  EEl’ROi'l  (Electrical  ly  Erasable 
Programmable  Read  Only  Memory)  installed  in  the 
connector  housing,  and  electrodes.  Two  types  of 
memory  connectors  are  fabricated.  One  is  an  SC  “ 
singic  fiber  connector  with  a  push-pull  contact  for 
fiber  terminated  modules  (ETM).  The  other  is  an 
MT  *  multi  fiber  connector  for  connections  in  fiber 
closures.  These  connectors  are  shown  in  I'ig.6.  A  4 
kbit  serial  data  EEPROM  is  used  because  it  does  not 
require  power  to  maintain  data  and  because  it  has 
fewer  electrodes  than  the  parallel  typo.  The  EEPROM 
module  package  is  a  single-inline  (SiP)  type  with  a 
size  of  8  X  6.2  X  2.2  mm,  which  is  common  for  SC 
and  MT  memory  connectors.  The  memory  modules  are 
connected  to  the  SC-2  connectors  (  SC  connectors 
without  housing)  and  to  the  MT  connectors. 


4.2  Printed  circuit  board 

Forty  MT  memory  connectors  and  a  memory  chip  select 
interface  can  be  installed  on  a  single-sided  114x65 
mm  printed  circuit  board  (PCD),  as  shown  in 
Fig. 7(a).  Ten  PCBs  can  be  set  up  in  a  standard 
aerial  fiber  closure.  Eighty  fibers  are  included  in 


Fig. 6  Memory  c-onnec1or  f abr i cal  i on.s 


SC  MEWIRY  COtHECTOR 

PRINTED  CIRCUIT  BOARD  >  ADAPTORS  DRIVER  CIRCUIT- 


140  mm  /  1  block 


560  mm  (140  x  4  blocks)- 


(a) 


Fig. 7  I’rinli'd  circuil  hoards  for  memory  connectors 


(a)  Connection  loss  histogram  of 
SC  memory  connectors 


40 

.30 

I  20 
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(b)  Connection  loss  histogram  of 
I4T  memory  connectors 


n 

;  m  =  0.28dB 

h 

<f  =0.16  dB 

- 

N--128 

L4L 

COHJECTION  LOSS  (dB) 


Fig. 8  Conni'ction  loss  histograms  of  memory  eonni'c- 
tors  after  att.aehing  on  I’CBs 
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one  PCB  when  a  4-fiber  MT  connector  is  used.  When 
using  a  double  sided  PCB,  twice  the  number  of  con¬ 
nectors  can  be  loaded.  Eighty  SC  memory  connectors 
per  side  can  be  connected  on  a  85  x  560  mm  PCB  as 
shown  in  Fig. 7(b).  Single  SC  PCBs  correspond  to 
single  MT  PCBs,  and  each  PCB  includes  eighty  fibers. 


4.3  Memory  information 

Individuai  connector  information  up  to  512  ASCII 
characters  is  written  at  the  cable  manufacturers  or 
in  the  field,  as  shown  in  Table  1.  This  information 
is  read  by  the  LCTR  from  the  PCB,  on  which  connec¬ 
tors  are  optically  joined  to  other  connectors  and 
electronically  connected  to  the  PCB  pattern,  as 
shown  in  Fig. 7.  The  LCTR  knows  the  assignments  of 
the  PCB  connector  ports  and  the  connector  ID  codes 
of  the  connectors  on  the  PCB.  The  LCTRs  send  the 
assignment  data  to  a  workstation  in  the  operation 
center.  When  connector  changes  occur  on  .ne  PCB,  the 
assignment  table  changes  and  the  workstation  auto¬ 
matically  detects  changes  and  updates  the  configura¬ 
tion  database. 

Table  ].  Individual  information 

of  memory  connectors 


Item 

code  example 

line  code 

A107U 

connc''tor  code 

EEPROMOQ232 

connector  type 

SM  MTM  VI 

fiber  type 

SM1550ND 

date  of  manufacture 

F02  19910616 

cable  name 

F91C412  al 

unit  number 

F910412  0 

fiber  number 

F910412  07 

initial  loss 

0.27dB910616 

fiber  length 

477.5meter 

mode  field  dia. 

9 . 73um 

eccentricity 

O.eium 

customer 

SPECIAL  *•* 

memory  date 

19910616 

4.4  Performance 

After  attaching  the  memory  modules  to  the  PCB, 
connection  loss  histograms  were  obtained,  as  shown 
In  Fig. 8.  The  initial  mean  value  of  the  loss  for  the 
SC  connectors  was  0.16  dB,  so  that  a  -0.01  dB  loss 
change  was  generated  on  average.  The  electrode 
insertion  direction  is  the  same  as  the  optical 
connector  insertion  direction  for  the  connectors,  so 
that  loss  changes  become  very  small.  However,  the 
initial  mean  loss  was  0.26  dB  for  the  MT  connectors 
with  a  0.02  dB  loss  increase.  The  electrode  axis 
and  the  optical  axis  of  MT  connectors  are  perpendic¬ 
ular  to  each  other.  Therefore,  optical  connections 
are  affected  more  than  those  of  SC  memory  connectors 
by  low  electrode  compliance. 

The  area  occupied  by  an  SC  memory  connector  on  a 
connector  matrix  board  is  39%  smaller  than  that  of 
an  SC  connector  and  20  %  greater  than  of  an  SC-2 
connector.  With  MT  memory  connectors,  the  area  is 
about  10  %  greater  than  that  of  a  conventional  MT 
connector.  These  memory  connectors  may  be  small 
enough  for  use  with  FTM  or  fiber  closures. 


5.  SYSTEM  EXPERIMENT 

A  prototype  system  is  configured.  Eight  LCTRs  are 
concatenated  through  a  single  line  of  single  mode 
fibers.  The  first  l.CTR  is  electronically  connected 
with  a  parallel  interface  to  a  workstation,  and  is 
optically  connected  with  the  second  LCTR.  The  LCTR 
is  shown  in  Fig. 9.  It  has  four  functions: 

1)  read/write  connector  information. 

21  sensing  water  penetration,  temperature  and  so  on 
by  using  a  4-ch  A-D  converter, 

3)  terminal  interface,  and 

4)  LCTR-to-WS  or  LCTR-to-LCTR  bidirectional  data 
transmission . 

LCTR  hardware  specifications  are  summarized  in 
Table  2. 


Tabic  2.  Prototype  l.CTR  specifications 


I  terns 


micro  controller 


data  transfer  rate 

signal  code 

laser  output  power 

al lowabl e  line  1 oss 

analog  data  interface 

memory  connector  I/O 

terminal  1/0 

power 

size 


spec. 


8  bit  with  SCI ,  ADC, 
timer.  12  kBytc  ROM, 
512  Byte  KEPROM 
125  kb/s 
NRZ 

-2  dBm 
15.5  dB  min 

4  ch.  0  to  5\ 

256  connectors  max 
RS-232C.  9600  bps 

5  V  X  1  . 0  A 

90  X  60  X  20  mm 


Fig. 9  A  local  controller  (l.CTR) 
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Fig. 10  \  data  format  for  LCTR  communications 


A  single  laser  diode  is  used  as  a  transmitter  and  a 
detector  for  the  l.CTk,  so  that  the  signal  is  half 
duplex  asynchronous  NRZ.  The  bandwidth  of  the  LCTR 
h(!ad  amplifier  is  about  200  kllz.  The  communication 
data  format  is  shown  in  Fig. 10.  The  effective  data 
transfer  rate  decreases  when  the  repeater  (LCTR) 
number  increases  because  of  a  data  regeneration  when 
using  software.  For  example,  the  rate  for  a  512 
Byte  data  transfer  is  15  kb/s  between  the  worksta¬ 
tion  and  the  first  l.CTR,  and  becomes  about  5  kb/s 
between  the  workstation  and  the  8th  LCTR. 

The  UNIX  workstation  operates  as  a  control  center, 
which  can  simultaneously  execute  several  kinds  of 
tasks.  These  tasks  are: 

1)  real-time  line  configuration  surveillance  and 
automated  database  updating, 

2)  database  applications, 

3}  environmental  sensing  inside  or  around  fiber 
closures  or  FTMs, 

4)  transfer  of  fiber  identification  data  or  service 
status  data  to  the  field,  and 

5)  communication  with  terminals  connected  to  LCTRs. 

A  demonstrated  window  is  dc'veloped  with  IIP-IX  7.05, 
X11R3  and  0SF->iotif,  as  shown  in  Fig.  11  . 

6.  CONCLUSION 

In  order  to  improve  database  reliability  in  network 
configuration  management,  a  novel  system  with  memory 
connectors  and  local  controllers  was  developed  and 
demonstrated.  This  system  provides  real-time  data- 
has('  updat  ing,  which  contributes  to  more  speedy  and 
reliable  line  operation  and  construction,  addition¬ 
al  functions,  such  as  etiv  i  ronment  a  I  sensing  and 
fiber  identification,  also  contribute  to  safer  and 
more  ('fficient  line  construction.  In  the  future, 
developed  hardware  reliability  will  he  able  to  be 
('valuated  and  effective  data  transfer  rates  will  be 
increased  so  that  l.CTR  networks  can  he  improved. 
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ABSTRACT 


POTENTIALITIES  OF  VERY  THICK  SUBSTRATE 
TUBE 


Preform  technologies  based  on  the  direct  use 
of  very  large  and  precisely  bored  silica  ingots 
have  very  attractive  potentialities  to  reduce 
optical  fibre  cost  and  to  improve  fibre  geometry. 
We  have  developed  a  promising  fabrication 
process  which  consists  of  only  two  steps  :  deposition 
and  collapsing,  avoiding  the  overcladding  operation. 
Results  on  preforms  made  from  either  commercially 
available  or  special  precision  machined  tubes, 
are  presented. 


INTRODUCTION 

The  application  of  optical  fibers  in  the 
subscriber  network  requires  a  drastic  cost 
reduction  of  each  optical  components.  Regarding 
fibers  it  has  to  be  kept  in  mind  that  the  reduction 
of  the  direct  cost  has  to  be  achieved  without 
compromising  on  connection  cost  affecting 
parameters  such  as  geometrical  properties. 
New  preform  technologies  or  hybrid  processes 
using  overcladding  techniques  are  presently 
investigated  by  a  few  laboratories  ^  ^-An  alternative 
and  attractive  new  approach  is  the  direct  deposition 
inside  very  thick  substrate  tubes.  It  allows  the 
fabrication  of  high  capacity  preforms  in  only 
two  steps  namely  deposition  and  collapsing. 
However,  heat  transfer  becomes  difficult  as 
tube  thickness  rises,  and  current  burner  technologies 
are  no  longer  appropriate  for  thickness  over 
5  mm. 


We  present  here  a  new  process  which 
implements  SPCVD  (Surface  Plasma  Chemical 
Vapor  Deposition)  for  the  deposition  inside 
20-25  mm  thick  tubes  and  RF  furnace  heating 
for  the  collapsing.  Experiments  have  been  carried 
out  both  with  commercially  available  tubes  and 
with  special  precision  tubes  made  from  drilled 
and  grinded  plasma  torch  cheap  silica  blanks. 


b/a  ratio  requirement 

Regarding  the  deposition  process,  the  preform 
capacity  is  obviously  related  to  the  maximal  deposited 
thickness  and  to  the  admissible  optical  cladding 
to  core  b/a  ratio.  Figure  1  shows  the  optical  power 
distribution  calculated  at  various  wavelengths 
from  the  propagation  theory?  applied  to  a  matched- 
dad  single-mode  fibre  (MCSM).  The  poor  quality 
of  quartz  substrate  tubes  implies  the  b/a  ratio 
of  conventional  fibre  to  reach  a  value  of  about 
6,  although  the  major  part  of  the  opt  i  c  a  1  signal 
propagates  in  a  very  small  central  region  of  the 
fiber.  The  additional  1.385  pm  loss  estimated 
on  MCSM  fibre  is  plotted  on  Figure  2  versus  b/a 
for  low  and  high  OH  content  substrate  tubes. 
The  contribution  of  the  OH  absorption  appears 
to  be  negligible  at  b/a  larger  than  2.5  and  4.2 
respectively. 


FIGURE  1  Calculated  optical  power  distribution  in 
a  MCSM  fiber  for  different  wavelength/cut-off 
wavelength  ratios  (evanescent  field  approximation). 
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FIGURE  2  Additional  OH  loss  at  1.385  (m  versus 
b/a  ratio  in  a  MCSM  fibre  for  low  and  high  OH 
cladding  tube  and  L^=1.25  pm. 


Considerations  oti  the  collapsing 

Previous  studies  on  the  viscous  flow  theory 
of  collapsing  have  given  a  simple  formulation 
of  the  collapsing  velocity  Vr  for  an  homogeneously 
composed  and  heated  tube**  : 

Vr  =  dPi/dt 

Vr  r.[AP  +  tr(Re''.^Ri'‘)]  /[27  Ri  (Be ‘^-Rr^)] 

where  Ri,Re  =  outer  and  inner  radius 

AP  *  inner/outer  pressure  difference 
O'  -  surface  tension 
17  =  viscosity 

Then  collapsing  time  can  be  written  by  : 

Tc  =  Ri/Vr 

Another  collapsing  velocity  Vm,  which  is  closer  to 
the  real  fabrication  rate  is  the  collapsed  mass  per 
unit  of  time.  It  could  be  expressed  by  : 


\fn  =  const2.csa.(Tc ) 

Considerations  on  the  inside  deposition 

As  shown  in  Table  1,  in  case  of  AP=0,  the 
For  a  given  b/a  ratio,  a  higher  csa  (cross  collapsing  velocity  Vm  increases  as  well  as  the 

sectional  area)  of  the  substrate  tube  requires  collapsing  time  with  the  thickness  of  the  substrate 

a  higher  deposition  thickness.  Table  1  illustrates  tube.  For  example,  a  lOmm  thickness  (ie:45x25mm) 

the  role  of  high  csa  tubes  and  reduced  b/a  yields  a  collapsing  rate  1.9  times  higher  than  a 

ratios  on  the  deposition  rate,  compared  with  2.5mm  thickness  (ie:30x25mm)  and  a  20mm  tube 

a  conventional  tube  (ie:ODxID=  30x25mm).  (ie:60x25mm)  allows  an  additional  increase  of 

For  a  3  mm  thickness  deposition,  a  lOmm  1.6  time.  Moreover,  as  demonstrated  by  Gey  ling 

walled  tube  (ie:45x25mm)  yields  a  lOOkm/m  an  ellipticity  can  grow  during  collapsing  if  the 

preform  capacity  for  b/a  -  6.  For  a  17.5mm  pressure  difference  AP  is  larger  than  a  critical 

thick  tube  (ie:60x25mm)  and  a  b/a  ratio  of  value  and  this  critical  AP  rises  as  the  walls  become 

4, the  same  3  mm  deposition  thickness  provides  thicker^.  A  thick  tube  would  therefore  collapse 

a  200  km/m  preform  and  therefore  a  two  in  a  more  stable  way  than  a  thin  one  and  applying 

fold  fabrication  rate.  Using  the  same  tube  a  small  pressure  difference  would  give  a  further 

size,  a  further  increase  by  a  factor  of  two  enhancement  of  the  collapsing  rate  with  no  significant 

can  be  achieved  with  a  1.5mm  deposit  thickness  damage  on  geometry, 

if  a  b/a  value  of  only  3  can  be  accepted. 


Tube  b/a  Deposition 

Thickness  Thickness 

(mm)  (mm) 


0.65 

3.00 

3.00 

1.5 


Preform 

Capacity 

(Km/m) 


Deposition 

Deposition 

Time 

Rate 

(u.a) 

(u.a) 

1.0 

1.0 

4.6 

1.0 

4.6 

2.0 

2.3 

4.0 

Collapsing 

Collapsing 

Time 

Rate 

(u.a) 

(u.a) 

1.0 

1.0 

2.4 

1.9 

3.0 

3.0 

3.3 

2.8 

TABLE  1  Thickness  tube  influence  on  deposition  and  collapsing  rates. 
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POTENTIALITIES  OF  PRECISELY  MACHINED  TUBES 


High  purity  low  cost  silica  is  required  to  make 
up  the  cladding  substrate  tube  of  low  b/a  preforms. 
So  a  suitable  way  could  be  based  on  a  mass  production 
technology  such  as  plasma  torch  which  has  already 
led  to  the  manufacture  of  optical  quality  silica 
ingots^.  The  ability  of  large  ingots  to  be  drilled  and 
grinded  allows  the  suppression  of  the  pulling  operation. 
It  also  provides  a  good  geometrical  accuracy  compared 
to  specification  of  commercially  stretched  tubes. 
A  good  concentricity  between  the  core  and  the 
outer  cladding  of  the  final  fiber  could  therefore 
be  expected  which  is  a  basic  parameter  for  low 
cost  connections 


EXPERIMENTAL 


SPCVD  Deposition 

The  principles  of  SPCVD  have  already  been 
published  ^  .  The  new  equipment  designed  for 

deposition  inside  bored  ingots  is  shown  on  figure 
3.  The  large  c.s.a.  deposition  tube  is  supported 
by  two  short  lengths  of  conventional  silica  tube 
welded  to  its  both  ends.  Then  it  is  placed  into  a 
furnace  at  about  1200°  C  and  a  microwave  plasma 
column  is  sustained  by  a  propagating  2.45  GHz 
surface  wave  which  is  launched  through  the  tube 
by  using  a  Surfaguide  exciting  structure  1®. 


Reactants  are  fed  under  a  5  to  20  mb  pressure 
and  heterogeneous  reactions  (chloride  oxidation 
and  oxide  deposition)  take  place  near  the  gas  flow- 
plasma  boundary.  Doped  silica  layers  are  built 
up  therefore  just  by  modulating  the  microwave 
power.  For  given  experimental  conditions  the  plasma 
column  length  and  consequently  the  useful  deposition 
length  decrease  as  the  dielectric  silica  tube  thickness 
rises.  An  interesting  point  in  using  both  thick  tubes 
and  SPCVD  is  that  for  thickness  beyond  12  mm, 
this  decrease  becomes  very  slight. 


Furnace  collapsing 

The  experimental  set  up  developed  for  the  collap¬ 
sing  of  tubes  with  large  cross  sections  is  schemati¬ 
cally  shown  in  figure  4.  The  preform  ends  are 
held  by  the  mandrels  of  a  glass  working  lathe. 
The  heads  of  which  can  be  synchronously  moved 
in  a  fully  controled  way.  A  stationary  hot  zone 
of  about  2000°  C  is  created  by  a  graphite  induction 
furnace  operating  at  10  to  30  KHz.  While  rotating 
the  tube  is  traversed  to  and  fro  throught  the  furnace 
at  a  moderate  speed  of  10  to  20  mm/mn.  The 
number  of  required  passes  is  related  to  several 
parameters  :  silica  quality,  inner  diameter,  internal 
pressure  and  wall  thickness.  For  example  a  natur  I 
silica  bored  ingot  with  a  1 5  mm  thickness  and 
a  20  mm  inner  diameter  can  be  fully  collapsed 
in  4  passes.  The  resulting  rate  is  about  10  g/mn 
and  can  reach  25  g/mn  by  applying  a  negative 
pressure  difference  of  10  to  20  mb  inside  the  tube. 


nKflOWAVC 

COJPLER 

I  SURFACUlOC  I  PLASMA 


Silica  mjLTi-70Nt 

ROO  TU8ULAR  PuRNACC 


GAS 

Supply 

SYST£M 

MtDiUM- 

FREOUtNCY 

GENtPATOR 

PStSSOfif 

StNSOR 

FIXED 
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Ft^RNACE 
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SQUtTlMd  SiLfCA 
BOC  w:Tt»  S  P  (  V 
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Of AS5-wC»«f!B  S  LAlHf 
!•<  HOB  I  rONTAl. 
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FIGURE  3  :  The  SPCVD  set-up 


FIGURE  4  :  The  furnace  collapsing  set-up 
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RESULTS 


SUMMARY 


Matched-clad  single-mode  fibres  have  been  prepa¬ 
red  from  natural  and  synthetic  silica  tubes.  The 
thickness  was  12.5  mm  and  the  inner  diameter 
25  mm  (ie  :  50  x  25  mm).  Typical  operating  condi¬ 
tions  have  been  a  0.7  g/mn  deposition  rate  over 
a  500  mm  length  a  4  passes  collapse  over  a  400 
mm  length  without  any  pressure  difference.  Other 
operating  parameters  are  listed  in  the  Table  2. 

It  has  to  be  mentioned  that  the  higher  collap¬ 
sing  rate  is  achieved  with  natural  instead  of  synthetic 
silica,  which  suggests  that  the  key  parameter  is 
IR  absorption  and  not  viscosity.  It  has  also  to  be 
pointed  out  that  the  amount  of  silica  vaporized 
during  the  collapsing  stage  does  not  exceed  0.25  % 
instead  r.f  10  to  20  %  in  current  burner  conditions. 

Preform  capacities  are  about  50  km  (ie  :  125 
km/m)  and  typical  attenuation  results  are  presented 
in  figure  5  for  stretched  tubes.  As  shown  in  figure 
6,  performances  of  fibres  made  from  machined 
tubes  are  slightly  damaged  for  b/a  value  of  3. 
The  surface  preparation  of  machined  tubes,  prior 
to  deposition.  Is  more  critical  because  of  the  great 
sensitivity  of  the  plasma  process  to  initial  substrate 
defects. 


A  new  preform  fabrication  technology  based 
on  the  direct  use  of  very  thick  substrate  tubes 
has  been  successfully  developed  in  order  to  produce 
single-mode  fibers  with  high  fabrication  rate.  5PCVD 
deposition  and  subsequent  RF  furnace  collapsing 
have  been  demonstrated  both  using  commercially 
available  tubes  and  17.5-25  mm  thick  precision 
tubes  fabricated  by  boring  and  grinding  plasma 
silica  ingots.  Preform  capacities  of  125  km/m  have 
been  obtained  and  200-300  km/m  has  been  shown 
to  be  feasible.  The  loss  level  achieved  is  about 
0.25  dB/km  at  1.55  fjm.  Experimentally  collapsing 
rates  are  about  five  times  higher  than  with  thin 
wall  tubes  and  the  silica  burnt-off  has  been  practical¬ 
ly  suppressed.  This  technique  which  offers  additional 
potentialities  regarding  geometry  improvement 
should  lead  to  a  significant  increase  of  cost  effecti¬ 
veness  in  the  areas  of  fiber  production  and  connec¬ 
tion. 


Tube  quality 

Natural 

Synthetic 

Synthetic 

b/a 

5 

4 

3 

deposition  thickness(mm) 

2.7 

1.7 

1 .0 

deposition  time*  (H) 

7.5 

5.5 

4.0 

collapsing  time*  (H) 

3.5 

4.0 

4.0 

collapsing  rate  (g/mn) 

9.7 

8.0 

8.0 

•  including  preparation  time  of  about  2H  for  deposition  and  1H  for  collapsing. 

TABLE  2  Operating  deposition  and  collapsing  parameters. 


FIGURE  5  :  Spectral  attenuation  of  MCSM  fibre 

(synthetic  commercial  silica  stretched 
tube,  OD  X  in  50  X  25  mm). 
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t'lGV’RC  h  :  Spectral  attenuation  of  ,\KUSM  librc 
(synthetic  commercial  silica  machined 
tube,  on  X  in  50  X  25  mm). 
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Abstract 

We  have  investigated  a  profiling  system  for 
large  optical  fiber  preforms.  The  system  is  consisted 
of  a  refractive  index  measurement  equipment  and  fi¬ 
ber  characteristics  estimation  programs.  The  meas¬ 
urement  setup  can  measure  the  refractive  index  pro¬ 
file  up  to  100  mm  diameter  preforms.  And  the  system 
also  measures  the  core  eccentricities  of  preforms. 

Our  estimation  program  calculates  all  the  fiber 
characteristics  predictable  from  a  refractive  index 
profile.  The  results  are  useful  to  control  and  to  stabi¬ 
lize  the  characteristics  of  the  optical  fibers. 


1  Introduction 

As  the  demand  for  a  huge  amount  of  optical 
fibers  in  telecommunications  grows,  the  pressure  for 
low-cost  and  high-productivity  fiber  manufacturing  is 
increasing,  too.  Optical  fiber  preforms  have  in¬ 
creased  their  size  to  satisfy  those  requirements.  The 
total  length  of  fibers,  which  drawn  from  one  preform, 
has  become  far  over  a  hundred  kilometer  s.  While  the 
enlargement  of  preform  size  improves  the  productiv¬ 
ity,  risk  of  looseing  many  kilometers  of  fibers  is  also 
increasing  of  a  single  preform  fails.  If  we  can  esti¬ 
mate  the  transmission  and  dimension  characteristics 
of  the  fibers  in  the  prefomi  manufacturing  stage,  most 
of  the  risk  can  be  avoided.  So,  an  excellent  prefomi 
analysis  system  is  of  great  importance. 

Two-step  VAD  process  is  one  of  the  .solutions 
to  reduce  the  production  cost  for  manufacturing  opti¬ 
cal  fibers.[l]  In  the  first  step,  a  primary  preform  is 
made.  The  primary  preform's  cladding  to  core  diame¬ 
ter  ratio,  D/d,  is  about  4.  This  ratio  is  enough  to  pre¬ 
vent  water  penetration  to  the  core  region  from  the 
outer  part  of  the  cladding. 


However,  in  order  to  make  a  fiber  of  125  pm 
diameter,  it  is  necessary  to  have  a  D/d  of  about  13  for 
conventional  single  mode  fibers.  In  the  second  step, 
the  rest  of  cladding  part  is  deposited. 

For  the  two-step  VAD  process,  the  size  en¬ 
largement  of  the  preforms  also  improve  productivity. 
The  sizes  of  some  preforms  have  already  been  over  80 
mm  in  diameter.  But  there  is  no  commercially  avail¬ 
able  refractive  index  profiling  equipment  which  can 
measure  such  a  large  preform  so  far.  For  the  time 
being,  the  maximum  preform  diameter  seems  around 
100  mm  as  far  as  an  operator  handles  the  preform  by 
hand. 

We  adopted  the  dynamic  spatial  filtering 
method[2]  to  measure  the  refractive  index  of  optical 
fiber  preforms.  In  terms  of  dimensional  properties, 
we  also  have  designed  the  equipment  to  measure  the 
core  eccentricity. 


scanning 


Thermally 
matching  fluid  bath 


Fig  1.  Schematic  diagram  of  the  refractive  index  measurement  setup 

2  Experiments  and  the  results 

2.1  Measurement  setup 

Figure  1  shows  the  schematic  diagram  of  the 
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measurement  setup.  A  preform  to  be  measured  is 
clamped  vertically,  and  is  immersed  in  a  thermally 
stabilized  index  matching  fluid  bath.  The  preform 
and  the  bath  are  not  fixed  to  each  other.  This  structure 
is  flexible  to  measure  various  diameters  of  preforms 
in  sequence.  This  setup  has  a  slit  to  mask  higher  order 
diffraction  spots  generated  by  the  periodical  refrac¬ 
tive  variations  in  a  VAD  optical  fiber  preform. [3] 


2.2  Measurements  and  estimations 

Figure  2  is  an  example  of  a  deflected  angle 
distribution.  The  abscissa  is  a  distance  from  the  pre¬ 
form  center,  and  tlie  ordinate  is  a  deflected  angle  in 
degree.  An  eccentricity  will  be  estimated  from  this 
curve.  Eccentricity  is  a  distance  between  the  core  and 
the  cladding  tenters.  A  center  position  is  determined 
by  finding  a  rotational  symmetry  center  of  the  curve 
for  either  the  core  and  the  cladding. 

From  a  result  of  numerical  simulations,  we 
found  that  the  eccentricity  estimation  error  is  in  order 
of  the  relative  refractive  index  difference  between  the 
cladding  and  the  matching  fluid.  So  it  is  normally  less 
than  0.1  %,  then  this  estimation  is  accurate  enough 
compared  with  that  of  eccentricity  measurement  for 
fibers. 

After  an  Abel  integration  of  a  deflectioni  angle 
distribution,  a  refractive  index  profile  is  obtained. 
Figure  3  is  an  example  of  a  preform  for  the  dispersion 
shifted  single  mode  fiber. 

The  fiber  characteristics,  such  as  cutoff  wave¬ 
length,  mode  field  diameter(MFD),  chromatic  disper¬ 
sion  and  constant  cuiwature  loss,  are  estimated  by  a 
vector  analysis  program  which  is  written  in  FOR¬ 
TRAN.  Tlie  estimation  automatically  follows  the 
profile  measurement.  It  takes  about  one  minute  to  es¬ 
timate  all  the  characteristics  for  a  conventional  single 
mode  fiber. 


2.3  Evaluation  of  the  .system 

A  hundred  pairs  of  preform  and  fiber  samples 
were  measured  to  evaluate  this  profiling  system  in  our 
two-step  VAD  process 

At  the  end  of  the  first  step,  the  profiling  sys¬ 
tem  estimates  the  optimal  fiber  diameter(OFD)  for  a 
primary  prefonn  measured.  OFD  is  an  imaginally 
diameter  of  the  fiber  which  satisfies  that  the  cutoff 
wavelength  takes  a  target  value,  for  instance,  1.20 
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Fig  2.  Deflected  angle  distribution  of  DSM 
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Fig  3.  Refractive  index  profile  of  DSM 


Table  1 .  Characteristic  changes  between  processes 


characteristics 

Step-1 

Step-2 

Fiber 

fiber  diameter 
[pm] 

35.0 

125.0 

125.4 

cutoff  wavelength 
[pm] 

1.22 

1.23 

1.24 

mode  field  diameter 
[pm] 

9.51 

9.52 

9.51 

chromatic  dispersion 
[ps/km/nm] 

-0.26 

-0.25 

-0.22 

constant  curvature  loss 
[dB/m] 

1.25 

1.07 

0.72 

core  eccentricity 
[pm] 

0.32 

0.2 
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ixm.  In  case  of  the  two-step  VAD  process,  OFD  takes 
the  values  between  30  and  50  pm.  Of  course,  it  de¬ 
pends  on  the  fiber  type. 

The  overcladding  quantity  is  calculated  from 
the  ratio  of  an  OFD  to  125  pm.  And  after  the  second 
step,  the  profiling  system  predicts  the  fiber  character¬ 
istics  of  a  completed  preform,  which  should  be  drawn 
into  125  pm  in  diameter.  Table  1  shows  an  example 
of  changes  of  the  characteristics  in  each  step.  In 
Table  1,  "Step- 1"  and  "step-2"  columns  mean  the  esti¬ 
mated  values  just  after  the  step  1  and  step  2,  respec¬ 
tively.  "Fiber"  column  shows  measured  values  at  the 
fiber  stage.  Step-l's  cutoff  wavelength  was  fixed  to 
1.22  pm  which  is  the  center  value  of  the  specification 
range.  Step-2's  estimated  diameter  was  fixed  to  125 
pm  to  predict  the  characteristics  when  it  becomes  a 
fiber. 

Figure  4  shows  the  correlations  between  the 
estimated  value(abscissa)  and  the  measured 
one(ordinate).  Figure  4a,  4b  and  4c  are  the  correla¬ 
tion  of  cutoff  wavelength,  MFD  and  eccentricity,  re¬ 
spectively.  They  show  good  agreements.  They  are 
accurate  enough  to  control  the  characteristics  of  the 
fibers.  The  standard  deviations  of  each  estimation 
error  are  shown  in  Table  2.  Constant  curvature  loss  is 
less  accurate  than  other  items  because  it  is  difficult  to 
distinguish'  the  macrobending  loss  from  the  mi¬ 
crobending  loss  in  the  actual  measurements. 


3  Conclusion 

We  have  investigated  a  profiling  system  with  a 


Fig  4a  jtimated  Cutoff  Wavelength 


Table  2.  Standard  deviations  of  each  characteristics' 
estimation  error 


characteristics 

standard 

deviation 

cutoff  wavelength 

[pm] 

0.012 

Mode  Field  Diameter 

[pm] 

0.05 

chromatic  dispersion 

[ps/km/nm] 

0.02 

constant  curvature  loss 

[dB/m] 

3.2 

core  eccentricity 

[pm] 

0.15 
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Fig  4b,  Estimated  Mode  Field  Diameter 
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refractive  index  measurement  equipment  for  large  op¬ 
tical  fiber  preforms  around  100  mm  diameter.  The 
system  has  proved  to  be  effective  to  help  our  two-step 
VAD  process. 

We  are  now  planning  to  improve  the  estima¬ 
tion  accuracy  and  to  reduce  the  measuring  man-hours 
to  cut  production  costs. 
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Relaxation  of  internal  stress  in  fully-f luorine-doped 

single-mode  fibers 
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Abstract 

The  relaxation  of  internal  stress  in  Fulh -fluorine 
-doped  single-mode  fiber(called  FF  fibers)  at  elevated 
high  temperatures  wr s  investigated.  The  internal 
stress  of  FF  fibers,  which  was  mainly  governed  by 
drawing  conditions  such  as  tension  and  temperature, 
affected  the  transmission  characteristics.  A  model  for 
relaxation  was  proposed,  and  internal  stress  change 
with  time  in  the  fibers  could  be  evaluated  from  this 
model  based  on  viscoelastic  theory.  The  evaluation 
showed  that  no  change  in  an  internal  stress  w-ould  be 
found  after  25  years  at  25  °C. 

1. Introduction 

Full>  -fluorine-doped  single-mode  fiber  (called  FF 
fiber),  Which  has  slightly  fluorine  doped  core  with 
deeply  fluorine  depressed  cladding,  is  useful  to  realize 
the  transmission  losses  of  less  than  0.20  dB/kni  at  1.55// 
m,  and  has  been  applied  to  submarine  cables!  1). 

However,  tensile  internal  residual  stress  in  core  part 
of  such  fiber  is  largei’  than  that  in  germania  doped 
fibei's,  be<.'ause  drawing  tension  is  mainly  applied  for 
more  viscous  I'ore  part  compared  to  cladding  part.  And 
the  tensile  internal  stress  in  core  part  dcci-eases 
refractive  index  difference  between  the  core  part  and 
cladding  part,  and  causes  the  changes  in  transmission 


characteristics[2]  such  as  loss  and  cutoff  wavelength. 
By  optimizing  the  drawing  conditions,  we  have  realized 
FF  fibers  wdth  a  transmission  loss  of  less  than  0.173 
dB/km(average  \  a)ue)  at  1.55// m. 

On  the  next  stage  for  practical  use,  the  question  has 
arisen,  that  is  whether  or  not  this  internal  stress 
changes  in  actual  servdee  time.  In  order  to  confirm  the 
long  term  reliability  of  the  cables  utilizing  FF  fibers, 
evaluation  on  the  change  in  an  internal  stress  during 
actual  service  time  was  carried  out  in  this  paper. 

2.  Experiment 

(1) Samples 

Fiber  samples  of  125  /tm  in  diameter  were  prepared 
by  drawing  from  the  preform  rods  which  w'ere 
synthesized  in  V.AD  based  process.  They  had  slightly 
fluorine  doped  core  with  deeply  fluorine  depressed 
cladding. 

(2) Measuring  of  internal  stress 

Tensile  internal  sti-ess  in  core  part  was  evaluated  by 
measuring  with  a  polarized  microscope.  Kig.l  is  a 
schematic  diagram  showing  the  method  of  measuring 
the  internal  stress  in  FF  fibers.  First  linearly  polarized 
light  from  the  polarizer  passed  through  a  sample  turns 
elliptically  polarized  ray  due  to  photoelastic  effect  of 
the  sample.  Next,  the  elliptically  polarized  ray  passed 


=  546  nm 


Polarizer 


Sample  /1/4  Plate  Analyzer 


Fig.  1  Schematic  diagram  of  the  stress  measuring 
utilizing  polarization  microscope. 
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through  the  A/4-plate  turns  again  linearly  polarized 
ray  which  plane  of  polarization  is  rotated  to  an  angle  0 
according  to  the  shape  of  the  ellipse.  The  angle  0  is 
determined  by  rotating  analyzer  to  obtain  the  most 
dark  visual  field.  Internal  stress  can  be  calculated  from 
equations  (1)  and  (2). 


0 

180 


A.  =  d-  An 


(1) 


where  A.  is  waveiength(546nm)  of  measurement  ray,  d  is 
thickness  of  the  sample  and  An  is  difference  of 
I'efractive  inde.x. 


An  =  C-  a  . (2) 

where  C  is  photoelastic  constant(3.4  x  lO'^^mm^/kg)  of 
silica  glass  and  a  is  stress. 

(3)Relaxation  of  internal  stress 

The  urethane-acrylate  fiber  coatings  were  removed. 
And  samples  were  held  in  a  furnace.  The  temperature 
range  of  the  experiment  was  400°  -  800°C.  All  the 
operation  were  carried  out  in  an  air  atmosphere. 


Fig.  2  Drawing  tension  dependence  of  cutoff 
and  zero-dispersion  wavelength 


3.Results  and  discussion 

(1). Drawing  condition  dependence  of  transmission 
characteristics  in  FF  fibers 
The  tensile  internal  stress  in  core  part  reduced  the 
refractive  index  difference  between  the  core  part  and 
cladding  part.  Fig. 2  shows  the  drawing  tension 
dependence  of  cutoff  wavelength  and  zero-dispei'sion 
wavelength.  With  increasing  the  drawing  tension  the 
cutoff  wavelength  sifted  to  shorter  one  and  the 
zero-dispersion  wavelength  shifted  to  longer  one. 

Fig. 3  shows  the  drawing  tension  dependence  of 
transmission  loss  in  FF  fibers.  A  region  of  drawing 
tension  to  minimize  transmission  loss  was  found  in  the 
fabrication  conditions  for  FF  fibers.  The  difference  of 
interna]  stress  between  core  and  cladding  of  FF-fiber 
increased  with  increasing  drawing  tension,  which 
seemed  to  cause  the  transmission  loss  increase  at  1.55 
Wm  for  irregularity  at  the  core  and  cladding  interface, 
i  he  other  hand,  the  decrease  of  tension  led  to  higher 
temperature  drawung  compared  with  that  in  tlie  optimum 
condition,  that  might  produce  defect  centers  with 
optical  absorption  in  infrared  wavelength. 

From  the  results,  it  was  important  to  investigate 
long-tei-m  stabilit.v  of  internal  stress  in  FF  fibers. 


Drawing  tension  (Arb.  unit) 


Fig.  3  Drawing  tension  dependence  of 
transmission  loss  in  FF-fibers 
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Zero-distribution  wavelength  (nm) 


(2)Relaxation  of  internal  stress  of  FF  fibers  at  elevated 
temperature 

Fig. 4  shows  the  internal  stress  changes  in  core  part 
at  different  temperatures.  Relaxation  of  internal  stress 
was  significantly  observed  in  a  nigher  temperature 
region  (above  600°C). 


Fig.  4  S(t)/So  vs.  time 


We  assumed  that  internal  stress  S(t),  was  given  by 
Eq.(3)  which  was  based  on  the  Maxwell  relaxation  model: 

S(t)=Soexp(-t/T )  . (3) 

where  So  is  the  initial  internal  stress,  and  t  is  the  time 
of  relaxation.  Plots  of  ln(S(t)/So)  at  different 
temperatures  versus  time  gave  straight  lines  as  shown 
in  Fig. 5.  The  slopes  of  each  line  refer  to  -1/t. 


Fig. 5  ln(S(t)/So)  vs.  time 


Further  the  temperature  dependence  of  T  is  usually 
expressed  by  an  Arrhenian  type  relation  as  shown  in 
Eq.(4): 


T  =  Toexp(  AH/RT)  . (4) 

where  To  is  constant,  AH  is  the  apparent  activation 
energy,  R  is  the  gas  constant(8.314J/mole-  K),  and  T  is 
the  temperature  in  Kelvin.  An  apparent  activation 
energy  AH  of  159  kJ/mole  was  obtained  by  plotting  InT 
vs.  1/T  (Fig. 6).  By  combining  equations  (3)  and  (4),  the 
internal  stress  in  FF  fibers  after  time  t  at  a  given 
temperature  could  be  calculated.  The  evaluation  showed 
that  the  change  in  internal  stress  would  be  negligible 
after  25  years  at  25X^  as  shown  in  Table  I  . 


Table  I  Internal  stress  change  after  25  years  at 
different  temperature 


After  25 

years 

Temperature  °C 

3 

25 

100 

l-S(t)/So  (%) 

0.0  X  10° 

l.lxlO-'^ 

4.4  X  10“® 

6 

5 

4 

-  3 

2 

1 

0 

I 

1/T  (X10“*  K-‘) 


T  CO 


800  700  600 


Fig.  6  Determination  of  the  apparent 
activation  energy  of  internal 
stress  relaxation  by  plotting 
InT  vs.  1/T 


Based  on  these  results,  thousands  kilometers  of  FF 
fibers  have  been  successfully  applied  to  the  submarine 
cables.  Fig. 7  shows  the  loss  value  distribtition  of  FF 
fibers.  The  average  transmission  loss  was  reduced  to 
0.173  dB/km. 
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Fig.  7  Loss  distribution  of  FF-fibers 


4. Conclusion 

The  relaxation  of  internal  stress  in  FF  fibers  at 
elevated  high  temperatures  was  investigated  .  A  model 
for  relaLxation  is  proposed  to  determine  the  value  of  the 
apparent  activation  energy.  The  evaluation  showed 
that  no  change  of  internal  stress  would  be  found  after 
25  years  at  25  °C.  And  we  have  achieved  the  FF  fibers 
with  a  transmission  loss  of  0.173  dB/km(average  value) 
at  a  wavelength  of  1.55xim. 
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Abstract 

An  inquiry  has  been  made  into  the  suitability  of  various 
methods  of  determining  coating  cure,  for  use  as  an  in¬ 
production  process  and  quality  inspection  tool. 

This  paper  describes  the  known  methods  :  MEK  extraction 
test,  FTIR  (Fourier  Tran^orm  Itfrared  Spectroscopy), 
Coating  Compressibility  test  and  Coating  Stripping  Force 
measuremeta.  A  comparison  between  these  measuring 
techniques  is  included.  The  stripping  force  measurement 
has  turned  out  to  be  a  reliable  and  quick  method  of  deter¬ 
mining  the  degree  of  curing  of  double-layer  coating  sys¬ 
tems.  Moreover,  this  technique  is  shown  to  be  capable  of 
measuring  a  severe  coating  overcure. 


1  Introduction 

In  general,  optical  fibres  used  for  telecommunication  pur¬ 
poses  are  primary-coated  with  two  layers  of  UV-curable 
acrylates.  These  coatings  are  selected  by  their  physical 
and  chemical  characteristics  .  For  the  coating  to  have  its 
characteristic  properties  specified  by  the  coating  manu¬ 
facturer,  a  good-quality  coating  cure  has  to  be  ensured. 
For  the  cable  manufacturer  the  result  will  be  smoothness 
of  the  cabling  process  and  constant  quality  in  conformity 
with  the  product  type  approval. 

A  search  is  being  made  for  a  method  of  determining  the 
cure  of  the  coating,  which  can  be  used  as  a  process  con¬ 
trol  tool  by  the  fibre  manufacturer.  To  be  fit  for  use  this 
method  has  to  meet  specific  requirements.  It  is  necessary 
to  have  a  quick  and  simple  method,  and  the  test  has  to  be 
performed  by  production  staff  in  a  production  environ¬ 
ment.  Then  the  operator  is  able  to  control  an  essential 
drawing  process  parameter.  Furthermore  the  test  should 
require  neither  expensive  equipment  or  too  much  analy¬ 
tical  knowledge  for  correct  interpretation  of  test  results 
nor  time-consuming  sample  preparation. 


The  following  test  methods  are  described  in  the  next 
chapter: 

-  MEK  extraction  test 

-  FTIR  (Fourier  Transform  Infrared  Spectroscopy); 

-  Coating  Compressibility  test 

-  Coating  Stripping  Force  measurement 


2  Description  of  the  test  methods 


2.1  MEK  extraction  test 


MEK  extraction  is  the  oldest  and  most  widely  used 
method  in  fibre  industry,  and  is  therefore  regarded  as  a 
reference  test  method  for  comparison.  This  means  that 
the  new  test  should  give  at  least  as  much  information  as 
the  MEK  extraction  test. 

This  test  enables  extraction  of  all  the  coating  material 
which  is  not  polymerised.  The  first  step  is  to  determine, 
by  full  curing,  the  amount  of  additives  in  the  coating. 
This  amount  depends  on  the  specific  coating  materials 
used  for  the  inner  and  outer  layers,  and  consists  of  main¬ 
ly  photoinitiator,  inhibitor  and  similar  additives.  The 
method  is  described  in  detail  in  [1].  In  case  of  less  than 
full  curing  the  monomer  material  that  has  not  reacted  is 
measured. 

About  3  g  of  dried  glass  fibre  is  weighed  accurately  [Mv]. 
This  3  g  is  then  extracted  for  15  hours  with  MEK  (methyl 
ethyl  ketone)  in  a  Soxhlet  Extraction  Apparatus.  After 
drying  its  weight  is  determined  [Me].  The  coating  is 
removed  by  burning  in  a  furnace  (1000  “C).  The  glass 
residue  is  weighed  [Mg].  The  loss  of  weight  (in  %)  as  a 
result  of  the  extraction  with  MEK  then  is: 


Mv-Mg 


*100%. 


A  typical  test  result  is  given  in  figure  1 . 

The  MEK  extraction  test  itself  takes  about  one  day, 
which  is  too  long  for  information  to  become  available  for 
process  control  in  production.  Furthermore,  for  process 
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control  for  a  complete  production  plant  a  lot  of  equip¬ 
ment  and  a  full-time  operator  are  needed.  Therefore,  the 
MEK  extraction  test  is  unfit  for  process  control. 


fig  1:  Typical  extraction  loss 
as  a  function  of  exposure  time 


IJFITR 

The  Fourier  Tr.;nsform  Infrared  Spectroscopy  (FTER) 
technique  has  b.en  developed  by  DeSoto’s  Analytical  and 
Computer  Applications  Research  Department  (ACAR).  It 
has  been  designed  primarily  to  compare  different  liquid 
coating  batchei>  [2].  FTIR  measures  the  change  in 
acrylate  absorbance  at  810  cm-1,  which  wavelength  is 
characteristic  of  the  reaction  of  functional  groups  like  the 
double  bond  {-C=C-)  in  the  monomer.  In  the 
polymerisation  action  the  double  bond  disappears  and 
the  absorbance  at  this  specific  wavelength  changes.  FTIR 
measures  the  concentration  (in  %)  of  monomers  that  have 
not  reacted.  Tli.  measurement  signal  for  the  liquid  coat¬ 
ing  is  set  to  0%  .md  that  for  a  deliberately  overcured  coa¬ 
ting  to  100%.  This  technique  is  adapted  for  use  with 
coated  optical  n'<res  using  an  array  of  20  pieces  (about  3 
cm  long)  of  fil  e,  secured  at  both  ends  using  adhesive 
tape  [3].  This  array  is  then  firmly  clamped  to  the  MIR 
(Multiple  Internal  Reflectance  accessory).  The  spectrom¬ 
eter  used  is  a  Nicolet  FT-IR  series  500. 

Results  can  be  a\'ailable  within  an  hour.  This  test  has  a 
high  repeatability  on  condition  that  sample  preparation  is 
performed  with  great  care  by  skilled  operators.  The 
curve  fitting  and  the  mathematical  procedures  are  per¬ 
formed  by  the  attached  computer  system. 

A  disadvantage  of  the  technique  is  that,  owing  to  the 
wavelength  used,  FTIR  only  measures  the  cure  of  the 
outer  surface  (about  3  ^m  thick)  of  the  coating.  Further¬ 
more,  the  equipment  requires  a  high  capital  investment. 


23  Coating  Compresability  Test 


As  the  E-modulus  of  the  coating  depends  on  the  degree  of 
cure  it  is  possible  to  relate  this  degree  to  the  compressibil¬ 
ity  of  the  coating. 

For  this  test  six  pieces  of  fibre,  5  cm  long,  are  placed 
between  two  horizontally  placed  parallel  plates.  Pressure 
is  exerted  on  one  plate.  See  figure  2.  The  displacement  of 
this  plate,  measured  with  a  micrometer  displacement 
gauge,  is  dependent  of  the  hardness  of  the  coating.  The 
displacement  of  the  upper  plate  is  defined  as  the  dis¬ 
placement  at  lO’  Pa  and  is  expressed  in  a  percentage  of 
the  full  fibre  diameter.  Sample  preparation  is  easy  and 
results  can  be  obtained  within  15  minutes. 


fig  2  :  Test  set-up  for  compressibility  test 


2.4  Coating  stripping  force  measurement 


The  stripping  force  is  a  result  of  shrinkage  owing  to  both 
polymerisation  and  temperature  drop  and  to  adhesion  of 
the  buffer  coating  to  the  glass.  The  coating  cures  at 
relatively  high  temperatures.  When  cooling  to  room 
temperature,  the  coaling  shrinks  more  than  the  glass. 
The  degree  of  curing  acts  on  the  polymerisation  shrinkage 
and  therefore  partly  on  the  stripping  force. 

The  coating  is  removed  from  the  fibre  with  a  stripping 
tool.  The  force  required  for  this  removal  is  measured 
with  a  tensile  strength  measuring  device.  The  stripping 
force  is  defined  as  the  mean  value  of  several  pieces  of 
fibre.  A  proposal  for  standardisation  has  been  submitted 
to  the  lEC  [4].  The  stripping  speed  was  100  mm/min. 
The  tool  was  the  Micro  Electronics  Microstrip  MSI,  with 
cutting  blades  .006  inch.  A  typical  stripping  force  meas¬ 
urement  result  is  shown  in  fig  3. 

The  results  are  available  within  five  minutes  after  fibre- 
drawing.  Equipment  is  easy  to  operate. 
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Displacement  (mm) 

figure  3.  Typical  Stripping  Force  Measurement  Result 


3  CooqMuison  between  test  m^ods 
3.1  Test  fibre 

The  fibre  used  for  comparison  between  the  various  test 
methods  is  drawn  from  one  preform.  This  preform  is 
drawn  at  different  speeds  with  a  different  number  of  UV 
curing  ovens.  A  few  hundred  metres  are  drawn  under  the 
same  conditions  for  a  large  enough  quantity  of  sample  for 
each  test  to  be  available. 

The  exposure  time  is  calculated  by  division  of  the  length 
of  the  number  of  outer  coating  curing  ovens  used,  by  the 
drawing  speed.  The  exposure  of  the  inner  coating  is  left 
out  of  consideration;  in  all  cases  one  UV  curing  oven  is 
used  for  this  inner  coating  layer.  The  coatings  used  for 
this  experiment  are  commercial  UV-curable  coatings. 


3.2  Results 


The  results  are  listed  in  Table  1  and  Figure  4. 


Exposure 

Extrac- 

FTIR 

Compress- 

Stripping 

time 

tion 

ibility 

force 

(sec.) 

(%) 

(%) 

(%) 

(N) 

1.00 

7.60 

98.9 

16.5 

3.40 

0.80 

6.70 

100 

16.3 

3.22 

0.50 

7.70 

98.2 

15.7 

2.88 

0.40 

6.40 

95.5 

15.7 

2.84 

0.30 

6.40 

95.4 

16.5 

2.78 

0.20 

7.80 

87.7 

15.7 

2.52 

0.17 

11.0 

80.9 

15.5 

1.80 

0.13 

18.3 

76.7 

23.1 

1.50 

0.07 

26.4 

62.1 

37.8 

0.66 

0.05 

38.4 

51.9 

- 

0.34 

0.03 

43.6 

49.6 

- 

0.32 

Table  1.  Results 


33  Discussioa 

In  this  inquiry  the  MEK  extraction  test  has  been  used  as 
the  reference  test.  The  results  obtained  with  the  fibres 
point  to  a  constant  extraction  loss  from  0.2  sec  exposure 
time  onwards,  for  our  coating  material  and  our  applica¬ 
tion  technique.  This  0.2  sec  point  is  therefore  defined  as 
the  100%  cure  point;  addition  of  more  UV-energy  will 
result  in  an  overcure  of  the  coating  material  because  all 
the  monomer  molecules  are  already  linked.  This  means 
that  the  other  tests  should  at  least  allow  meaningful 
interpretation  until  this  100%  cure  point. 

The  compressibility  test  allows  measurement  of  the  cure 
only  until  0.17  sec  exposure  time,  again  for  our  coating 
material  and  application  technique.  Therefore  this  test 
fails  to  meet  our  requirements.  In  the  past  this  test  has 
proved  to  be  effective  for  one-layer  coated  optical  fibre. 


0  0,2  0,4  0,6  0,8  1 

Exposure  time  (sec.) 


Fig  4  ;  Comparison  of  measurement  results 

As  can  be  seen  in  Figure  4,  both  FTIR  and  stripping  force 
measurement  meet  the  requirements. 

As  stated  before,  FTIR  only  measures  the  cure  of  the 
outer  coating  surface.  This  is  why  this  test  is  used  as  a 
surface-cure  test  instead  of  a  bulk-cure  test  [1].  Surface- 
cure  does  not  necessarily  guarantee  good  bulk-cure;  on 
the  other  hand  good  bulk-cure  automaticaly  guarantees 
adequate  surface-cure.  A  change  in  curing  conditions  like 
UV-wavelengths  of  lamps  influences  surface-cure  more 
than  bulk-cure.  Stripping  force  measurement  however  is 
by  definition  a  bulk-cure  test  method. 

For  practical  reasons  the  stripping  force  measurement  is 
also  preferable  to  the  FTIR  because  it  does  not  require 
expensive  equipment.  It  is  a  quick  test  method  and  it  does 
not  need  analytical  knowledge  for  interpretation  of  the 
results.  The  fibre-drawing  operators  are  able  to  do  the 
lest  themselves  and  to  rapidly  obtain  accurate  informa¬ 
tion  on  the  coating  curing  process. 

Both  FTIR  and  stripping  force  measurement  allow  deter¬ 
mination  of  overcure.  FTIR  yields  a  continuous  change 
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until  about  30  %  overcure  (in  our  definition),  but  the 
stripping  force  measurement  allows  determination  of  a 
severe  overcure  of  the  coating  caused  by  extremely  high 
UV-doses  or  defective  equipment. 


4  Conclusions 

The  MEK  extraction  test  is  a  suitable  technique  of  meas¬ 
uring  coating  cure,  and  is  used  as  a  reference  test  method 
for  the  determination  of  the  100%  cure  point.  For  process 
control  it  is  unacceptable  because  the  feedback  time  is  too 
long  . 

Measurement  of  the  compressibility  is  an  unsuitable 
method  of  determining  the  cure  of  double-layer  coating 
systems. 

FTIR  and  Stripping  force  measurement  can  be  used  for 
control  of  the  degree  of  coating  cure. 

Stripping  force  measurement  is  preferable  because  it  is  a 
cheap  and  quick  test  method,  suitable  for  in-production 
process  control. 

Stripping  force  measurement  also  enables  detection  of 
severe  coating  overcure. 
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OPTICAL  FIBER  FAILURE  PROBABILITY  PREDICTIONS 
FROM  LONG-LENGTH  STRENGTH  DISTRIBUTIONS 

G.  S.  Glaesemann 


Abstract 


Coming  Incorporated 
Coming,  New  York 

MPa)  and  pass  those  that  are  stronger. 


Strength  data  from  a  recently  developed  apparatus  for 
measuring  long-length  fiber  strength  distributions  are 
analyzed  in  terms  of  proof  test  theory  for  truncated 
distributions.  Data  are  fitted  using  Weibull  statistics  and 
scaled  for  bending  and  tensile  lengths  ranging  from  1  meter 
to  100  kilometers.  Most  tensile  applications  require  strength 
data  near  the  proof  stress  level.  For  failure  probability  levels 
less  than  IxlO’^,  most  bending  applications  need  be 
concerned  with  flaws  near  the  proof  stress  level. 


A  schematic  of  a  1986  strength  distribution  of  16.5 
kilometers  of  titania-doped  silica-clad  fiber  proof  tested  to  50 
kpsi  (345  MPa)  is  shown  in  Figure  1.*  Observe  that  after 
testing  neary  17  kilometers  of  fiber  the  distribution  lacks 
flaws  that  are  of  the  greatc.st  reliability  risk  for  most 
applications,  namely  those  near  the  proof  stress  level.  For 
the  purposes  of  reliability  prediction  near  the  proof  stress 
level  much  more  fiber  must  be  tested.  Also,  the  amount  of 
time  required  to  manually  create  multi-kilometer  strength 
distributions  using  common  industry  test  methods  makes  the 
creation  of  such  distributions  co.stly. 

The  purpo.se  of  this  paper  is  to  present  a  recently  developed 
technique  for  measuring  the  strength  di.stribution  near  the 
proof  stress  level  and  to  examine  how  one  might  u.se  the.se 
data  for  making  reliability  predictions. 


A  complete  description  of  the  operation  of  the  equipment  is 
given  in  reference  2  and  only  a  brief  description  will  be  given 
here.  The  test  apparatus  is  shown  schematically  in  Figure  3 
and  consists  of  a  proof  testing  machine  for  paying  out  fiber 
into  the  gauge  length  under  low  loads.  The  gauge  length 
consists  of  20  meters  of  fiber  which  starts  at  point  A  on  the 
payout  tractor,  travels  around  a  remote  pulley  assembly  and 
back  to  point  B  on  the  take-up  tractor.  The  pulley  assembly 
con.si.sLs  of  a  pulley  mounted  on  a  load  cell,  both  of  which  are 
attached  to  a  pneumatic  slide.  Fiber  is  payed  out  under  low 
load  into  the  gauge  length,  after  which  the  pulley  a.s.sembly 
moves  on  the  slide  and  the  fiber  is  loaded  to  a  predetermined 
maximum  load  level.  As  soon  as  the  maximum  load  is 
reached,  the  pulley  returns  to  its  original  position.  The  load 
is  carefully  monitored  during  the  entire  load  pulse  and  if 
failure  occurs,  the  breaking  load  is  recorded.  Typical  load 
pulses  are  shown  in  Figure  4  for  fiber  that  pas.scs  and  fails  the 
test.  If  the  fiber  pa.sses  the  load  pulse  test,  another  20  meter 
length  is  indexed  into  the  gauge  length  and  the  load  puLse  is 
repeated.  The  loading  and  unloading  rates  are  in  the  200  to 
400  kpsi/s  ( 1400  to  2800  MPa/s)  range  and,  therefore,  the 
probability  of  subcriiical  crack  growth  during  testing  is  high. 
Using  the  above  ^paraiu.s,  386  kilometers  of  titania-doped 
silica-clad  fibefi-'' proofed  to  50  kpsi  (350  MPa)  were  tested 
to  a  maximum  .sire.ss  level  of  3.50  kp.si  (2450  MPa)  in 
approximately  4  weeks.  All  testing  was  carried  out  under 
ambient  conditions  (20  C.  609?  RH).  The  number  of 
recorded  failures  below  350  kp.si  (2450  MPa)  was  106  out  of 
a  total  19,300  individual  20  meter  te.sis.  The  failure 
probability.  F,  was  a.s.signed  to  each  fiber  failure  using  the 
median  rank  method. 


A  new  fiber  .strength  testing  method  was  recently  developed 
for  obtaining  data  on  many  kilometers  of  fiber  in  a  more 
timely  fashion. 2  It  is  believed  that  this  test  method  will 
enable  engineers  to  better  assess  the  failure  probability  of 
Haws  near  the  proof  .stre.ss  level.  As  shown  in  Figure  1, 95'/? 
of  the  flaws  on  20  meter  gauge  lengths  have  .strengths  greater 
than  .500  kpsi  (3500  MPa),  and  therefore,  do  not  present  a 
reliabilitv  risk  for  long-length  applications.  The  approach 
taken  in  the  development  of  a  long-length  .strength 
distribution  was  to  avoid  te.sting  the  .strong  flaws  to  failure. 
This  was  accomplished  by  loading  fibers  during  ten.sile 
te.sting  to  a  maximum  load  below  the  high  strength  region  as 
shown  .schematically  in  Figure  2,  where  the  maximum  load 
during  testing  is  set  to  break  all  Haws  below  400  kpsi  (2800 


(1-0.3 
(J+0.4 ) 


where  I  is  the  fiber  rank  ranging  from  1  for  the  weakest  to 
106  for  the  strongest  fiber,  and  J  is  the  total  number  of  tests; 
namely,  19,300.  The  data  are  shown  in  Figure  5  as  a  Weibull 
plot  of  lnln(l/l-F)  versus  InOf.  where  o,  is  the  fracture 
strength.  The  upper  end  of  the  .strength  distribution  stops  at 
the  maximum  sue.ss  level  of  350  kp.si,  as  planned,  and  the 
lower  end  extends  to  a  sUe.ss  level  slightly  above  the  proof 
.stress  of  50  kpsi  (350  MPa).  The  above  data  demonstrate  the 
capability  of  obtaining  multi-kilometer  .strength  distributions 
in  a  relativelv  short  neriod  of  time. 

The  theoretical  shape  for  inert  strength  di.stribuuons  of  pro('l 
tested  specimens  is  .shown  in  Figure  6  from  reference  .3.  The 
pre-proof  distribution  has  a  con.stant  slope  m.  Flaws  away 
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from  the  proof  stress  are  unaffected  by  the  proof  stress  and 
are  shown  to  follow  the  pre-proof  distribution.  Those  that 
grow  subcritically  during  proofing  have  a  post-proof  slope  of 
n-2,  where  n  is  the  well  known  fatigue  susceptibility 
parameter  from  the  power  law  crack  velocity  model.  Finally 
the  distfibution  is  truncated  near  the  proof  stress  level  as 
indicated  by  a  vertical  line.  For  fast  unloading  rates  the 
truncation  strength  is  no  less  than  90*^  of  the  proof  stress.^ 

The  distribution  in  Figure  5  differs  from  the  theoretical 
distribution  in  that  our  testing  demonstrates  subcritical  crack 
growth  due  to  a  fatigue  environment.  In  the  case  where 
fatigue  occurs  during  strength  testing,  the  truncation  strength 
level  will  be  less  than  the  proof  stress,  simply  because  flaws 
that  just  pass  the  proof  suess  will  grow  during  subsequent 
strength  testing  and  fail  at  a  stress  level  below  the  proof 
stress.  The  Haws  in  the  (n-2)  slope  region  will,  after  crack 
growth  during  the  strength  test,  end  up  with  a  slope  n+1.^ 

The  data  in  Figure  5  are  linear  above  the  125  kpsi  (875  MPa) 
stress  level  with  a  slope,  m,  of  approximately  2.  Below  125 
kpsi  (875  MPa),  the  data  indicate  the  transition  to  a  higher 
slope  region  prior  to  truncation  shown  in  Figure  6.  However, 
too  few  Haws  were  obtained  in  this  region  to  accurately 
determine  where  a  slope  of  n+1  begins,  obviously,  many 
more  kilometers  of  data  are  needed. 

Predictions  from  long-length 
strength  distributions 

Optical  fibers  in  the  field  experience  a  variety  of  stress 
conditions  over  different  fiber  lengths.  For  example,  in 
splice  enclosures,  relatively  short  lengths  of  fiber  are 
subjected  to  bending;  however,  considering  the  number  of 
splice  enclosures  involved,  hundreds  and  even  thousands  of 
meters  of  fiber  are  under  stress.  In  this  common  situation  it 
is  important  to  determine  which  Haws  pose  the  greatest  risk 
to  mechanical  reliability.  For  applications  involving 
kilometers  of  fiber  under  low  .stre.ss,  it  is  common  to  treat  the 
fiber  as  if  it  were  no  stronger  than  the  proof  sqess  level. 
However,  as  fiber  comes  closer  to  the  home,  it  is  expected  to 
have  greater  mechanical  reliability,  thereby,  requiring  the 
knowledge  and  accountability  of  Haw  di.su-ibution  at  and 
above  the  proof  .stre.ss  level.  .Since  mea.sured  ten.sile  strength 
distributions  typically  use  lengths  that  do  not  match  tho.se 
deployed  in  .service  or  model  loading  configurations  .such  as 
bending,  one  must  .scale  the  di.stribution  to  the  length  and 
loading  configuration  appropriate  for  a  given  application. 

Weibulfs  cumulative  failure  probability  distribution  has 
found  wide  applicability  for  describing  the  dependence  of 
strength  on  si/e.  The  failure  probability  at  an  applied  .stre.ss 
a  is  given  by,^-*^ 

F=l-exp|-f(-Q^rslA 

I  )  ,2, 


where  m  is  the  Weibull  slope,  A  is  the  surface  area  under 
stress  o,  and  A,,  is  the  .surface  area  corre.sponding  to  the 
characteristic  strength 


Tensile  Lgadins- 

For  the  case  of  uniaxial  tensile  loading,  the  sfiess  at  failure  is 
distributed  uniformly  over  the  cross  .section,  o=Of,  and 
dA=rdld0  where  1  is  the  fiber  length,  r  is  the  fiber  radius  and 
0  is  the  angle  as  shown  in  Figure  7.  Substituting  these  values 
into  Eq.  (2)  yields. 


F  =  1  -  exp 


,2n 


Jo 


rdIdO 

Ao 


(3) 


where  1,  is  the  total  length  in  tension.  Integration  yields  the 
probability  of  length  1,  failing  at  stre.ss  Of, 


F  =  I  -  exp 


27trl| 

Ao 


(4) 


Thus,  Eq.  (4)  can  be  used  to  .scale  the  data  for  gauge  length  of 
area  A„  and  characteristic  strength  o^,  to  lengths  1,.  For  I, 
equal  to  the  test  length,  A^  =  2jtrl,  and  Eq.  (4)  simplifies  to 
the  more  familiar  Weibull  form. 


F  = 


(5) 


The  usefulne.ss  of  this  distribution  is  that  it  can  be 
transformed  into  a  linear  format  as, 

lnln|-Jpj  =m  InOf -  m  InOc,  (6) 


where  m  is  the  Weibull  slope  and  -mlno,.,  is  the  intercept. 

Recall  that  data  in  Figure  5  are  plotted  in  terms  of  lnln(  1  -F) 
versus  Inaj-  according  to  Eq.  (6):  however,  as  previously 
ob.served,  the  data  arc  not  linear,  but  rather  has  a 
characteristic  curvature  as.s(x;iated  with  a  truncated 
distribution. 3  Theoretical  models  for  curved  distributions  are 
.significantly  more  complex  than  Eq.  (4),  and  the  scaling  of 
such  disuibutions  is  ju.stified.  However,  here  we  take  a  more 
pragmatic  approach  that  simplifies  scaling  .significantlv. 
e.specially  in  the  ca.se  of  bending. 

The  di.stribution  in  Figure  5  is  not  exten.sive  enough  to  attain 
the  theoretical  slope  of  n+1 ;  so,  for  discu.ssion  purpo.ses, 
ranks  1  to  15  were  fit  to  Eq.  (6)  yielding  a  slope  of 
approximately  5.  .Similarly,  ranks  15  through  106  were  fit  to 
Eq.  (6)  yielding  a  Weibull  slope  of  1.7.  The  compo.site 
di.stribution  is  shown  in  Figure  8.  The  Weibull  parameter  cr„ 
for  each  portion  of  the  di.stribution  is  al.so  given  in  Figure  8. 
Using  Eq.  (4).  where  A„  is  the  total  area  for  20  meter  test 
lengths  and  62.5  pm  glass  radius,  the  composite  di.stribution 
is  scaled  to  a  range  of  new  lengths  1,  in  Figure  9.  Note  again 
that  these  di.stributions  are  degraded  following  proof  te.sting 
due  to  crack  growth  during  strength  testing.  As  expected.  The 
failure  probability  for  each  .strength  level  is  increased  as  the 
in-service  length  increases.  Al.so  note  that  the  shift  is  slightly 
greater  for  the  region  of  the  distribution  with  lower  m  value. 
Conversely,  as  the  in-.service  length  decrea.ses.  the  probability 
of  encountering  a  Haw  near  the  truncation  strength  al.so 
-decrea.ses.  However,  for  a  tvpical  failure  probabilitv 
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requirement  of  lx  10'*.  the  predicted  distribution  shows  that 
even  applications  using  only  1  meter  lengths  in  tension  need 
be  concerned  with  flaws  below  the  600  kpsi  (4200  MPa) 
“high  strength”  region  shown  in  Figure  1.  For  stressed 
lengths  100  kilometers  and  greater.  Figure  9  shows  that 
reliability  designs  should  be  focused  primarily  on  flaws  near 
the  proof  stress  level.  The  data  in  Figure  9,  when  matched 
with  a  given  application,  will  also  help  focus  on  the  type  of 
data  needed  for  reliability  determinations. 


Integrating  over  length  1^  reduces  the  above  equation  to. 


(10) 


Following  the  derivation  of  Maiihewson  et.  al.^  we  let. 


Bending. 

The  surface  tensile  stress  due  to  bending  of  fiber  also  is  a 
reliability  concern,  since  large  stresses  are  easily  generated. 
However,  bending  places  a  considerably  smaller  area  under 
stress  compared  to  uniaxial  tension,  due  to  the  fact  that  only 
half  of  the  fiber  surface  is  under  tensile  loading  (Figure  10), 
and  the  stress  distribution  over  that  surface  is  highly 
nonuniform.  Therefore,  it  is  important  to  determine  what 
portion  of  the  strength  distribution  is  of  concern  for  a  given 
bend  application. 

The  simplest  bending  situation  is  where  the  entire  fiber 
length  in  bending  experiences  a  constant  bend  radius.  The 
Weibull  scaling  laws  for  the  more  complex  case  of  2-point 
bending  have  already  been  derived  by  Matthewson  et.  al.,^ 
and  therefore,  the  analysis  here  will  follow  their  form  and 
notation. 

The  surface  tensile  stresses  generated  by  fiber  bending  are 
dependent  entirely  on  the  bend  configuration.  The  stress,  o, 
is  zero  at  the  neutral  axis,  6=0,  and  reaches  a  maximum  at 
6=7t/2;  see  Figure  7.  The  well  known  relationship  between 
stress,  (T,  and  the  bend  radius  R  is  given  by, 

<j=L^E  (7) 

where  r  is  the  fiber  radius  and  E  is  its  Young’s  modulus. 
Young’s  modulus  for  optical  glass  fiber  has  been  found  to 
vary  linearly  with  strain,  according  to  E  =  E^l  l-t-3e),  for 
strength  levels  of  concern  in  this  study,  where  E^  is  the  zero 
strain  modulus.**^’**  Thus,  the  maximum  bend  stress,  O5,  at 
6=7t/2  only  occurs  along  a  thin  line  along  the  fiber  lengths 
and  is  given  by. 


(8a) 

Therefore,  the  bend  stress  at  any  point  on  the  tensile  surface 
is  simply. 


0=  Ob  sine  (gb) 

The  Weibull  cumulative  failure  probability  distribution  for 
the  ca.se  of  pure  bending  is  obtained  by  sub.stituting  Eq.  (8b) 
into  Eq.  (2),  where  dA  =  rdld0  yielding. 


1  job  sin0 

f  rdld0 

1  ' 

A, 

Jo 

.  J 

0 

G(m)  s  i  I  sin^e  d6  =  I  sin”0  d0  =  ^ 

Jo  2  r|n^| 


(11) 


where  Hm)  is  the  gamma  function  which  is  readily 
determined  using  polynomial  approximalions.12  Substitution 
of  Eq.  (11)  into  Eq.  (10)  gives  the  cumulative  failure 
probability  distribution  for  bending  in  terms  of  maximum 
bending  stress,  Oj,,  and  the  length  under  bending,  Ij,,  for  a 
fiber  of  radius  r. 

Thus,  given  and  from  the  composite  20  meter  gauge 
length  tensile  distribution  in  Figure  8,  one  can  calculate  the 
failure  probability  for  various  lengths  in  bending.  Figure  1 1 
shows  (failure  probability  predictions  for  a  range  of  bend 
lengths. 

The  predictions  in  Figure  1 1  show  that,  similar  to  the  tensile 
distribution,  the  longer  the  bend  length  is,  the  greater  the 
failure  probability  will  be.  However,  the  predicted 
distributions  in  bending  show  a  lower  failure  probability  for 
the  same  length  and  stress  level  than  that  given  by  tensile 
distributions  in  Figure  9.  This  is  a  consequence  of  the  fact 
that  bending  places  fewer  flaws  at  ri.sk  than  tension.  The 
predicted  distribution  for  100  meter  lengths  in  bending  is 
shown  in  Figure  1 1  to  fall  on  top  of  the  original  20  meter 
tensile  distribution.  Thus,  for  the  Weibull  slopes  in  this  data, 
loading  100  meters  to  a  constant  radius  in  bending  is 
equivalent  to  loading  20  meters  in  tension.  This  will  be 
discussed  further  in  a  later  section. 

In  light  of  the  bend  predictions  we  now  examine  a  common 
application  that  uses  bending;  namely,  splice  enclosures.  The 
goal  here  is  to  determine  that  portion  of  the  distribution 
which  is  mo.st  critical  for  making  reliability  predictions.  As  a 
worse  case,  we  assume  that  in  a  splice  enclosure  1  meter  of 
fiber  is  placed  in  bending  under  a  constant  radiu.s.  The 
predicted  di.slribution  for  this  application  is  .shown  in  Figure 
1 1.  For  a  failure  probability  requirement  of  lxl()‘‘'.  fiaws 
with  .strengths  in  the  150  kpsi  (1050  MPa)  range  are  expected 
to  be  encountered  (note  that  post-proof  strengths  are 
somewhat  greater  than  the  fatigue  strengths  obtained  in  this 
.study).  For  failure  probabilities  <  IxlO'*',  fiaws  with 
strengths  near  the  proof  sU'css  level  will  be  encountered  even 
for  1  meter  lengths  in  bending.  When  one  accounts  lor  all  of 
the  fiber  in  splice  enclo.sure.s,  such  a  low  range  of  failure 
probabilities  may  not  be  unrea.sonable. 
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Mean  strengths  in  Bendiny  and  Tension 


condition  to  an  equivalent  tensile  condition.'^ 


The  mean  strength  for  a  distribution  of  the  form, 

F=  1 -expl-j^Pj  (13) 

is  given  by,‘^ 

Thus  for  the  tensile  distribution  in  Eq.  (4)  the  mean  strength 
is> 

<'5> 

and  similarly  the  mean  strength  for  a  constant  bend  radius 
from  Eq.  (12)  is. 


The  equivalent  tensile  test  length,  le^,  for  a  given  bend 
length, !(,,  is  determined  where  the  mean  tensile  strength 
equals  the  mean  bend  strength  in  Eq.  (17), 


G(m) 

7t 


lb 


(19)  I 


Equation  18  is  plotted  in  Figures  13  and  14  for  the  equivalent 
tensile  length  as  a  function  of  bend  length,  for  both  long-  and 
short-length  applications,  respectively.  For  an  m  value  of 
approximately  15,  the  equivalent  tensile  length  is  nearly 
1/lOth  the  bend  length.  That  is  to  say,  a  1  kilometer  length  in 
bending  is  equivalent  to  testing  100  meters  in  tension.  This 
analysis  is  helpful  in  determining  the  appropriate  .strength 
testing  requirements  for  reliability  prediction.  For  example,  a 
bending  application  involving  a  total  of  1000  kilometers 
requires  tensile  data  for  approximately  100  kilometers  of 
fiber. 


ab  = 


Oi 


A,, 

’  2rlbG(m) 


(16) 


The  ratio  of  the  mean  strength  for  a  fiber  with  a  constant 
bend  radius  to  mean  tensile  strength  is  then. 


Ot 


7C  1| 

G(m)  lb. 
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(17) 


Thus,  the  mean  strength  in  bending  can  be  predicted  given 
the  mean  tensile  strength,  the  ratio  of  tensile  to  bend  lengths 
and  the  Weibull  slope  parameter,  m.  This  analysis  is 
particularly  u.seful  since  mean  bend  strength  for  a  constant 
bend  radius  cannot  easily  be  measured.  Figure  12  is  a  plot  of 
the  ratio  of  mean  strengths  in  Eq.  ( 17)  for  a  20  meter  tensile 
length  and  a  range  of  bend  lengths.  As  the  Weibull  slope,  m, 
increases,  i.e.,  variability  in  flaw  size  decreases,  the 
difference  in  mean  strengths  decreases.  For  m  values  le.ss 
than  15  the  ratio  of  mean  .strengths  is  a  strong  function  of  the 
variability  in  flaw  size. 


Summary 

Long-length  strength  distributions  are  neces,sary  for  making 
failure  predictions  at  very  low  probabilities.  In  this  paper,  a 
386  kilometer  .strength  distribution  was  examined  in  light  of 
theoretical  distributions  of  pro(^f  tested  fibers.  This 
distribution  showed  the  beginnings  of  the  classical  truncated 
distribution  associated  with  proof  testing;  however,  it  lacked 
data  near  the  proof  stress  level  where  Weibull  slopes  are 
believed  to  be  on  the  order  of  n.  The  distribution  was 
extended  to  strength  levels  near  the  proof  stress  level  in  a 
conservative  fashion  using  conventional  Weibull  stati.stics. 
This  composite  di.slribution  was  then  scaled  to  a  variety  of 
lengths  for  both  bending  and  tensile  applications. 

Even  though  bending  only  stres.ses  10  to  2()7f  of  the  fiber 
surface  when  compared  to  tension,  bending  applications  need 
be  concerned  with  Haws  near  the  proof  stress  level, 
particularly  for  high  reliability  requirements.  Such  analy.ses 
are  needed  for  reliability  predictions  and  in  determining 
■Strength  testing  requirements  for  various  tensile  and  bending 
applications. 


An  alternate  expre.ssion  for  the  failure  probability  in  bending 
is  obtained  by  sub.stituting  the  value  for  in  Eq.  (15)  into 
Eq.  (12)  giving. 


F  =  1  -  exp 


tl 


K  *1 
G(m)  lb 


ni4) 


(18) 


Knowing  the  mean  strength  for  a  given  len.sile  .strength 
distribution  and  the  unimodal  Weibull  .slope,  one  can 
calculate  the  failure  probability  for  a  given  bend  .stre.ss  and 
bend  length. 

Equivalent  tensile  length. 
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Figure  2. 

If  Every  20  m  Specimen  Stressed  to  Only  400  kpsi  (2800  MPa) 

Test  Developmeni  Approach 
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Figure  3. 

Schematic  of  Continuous  Fiber  Strength  Test  Apparatus 
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Figure  1. 

Strength  Distribution  of  Standard  Silica-Clad  Fiber 
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Figure  4. 

Loading  Cycle  of  20  Meter  Gauge  Length 
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Figure  5. 

Strength  Distribution  of  386  Kilometers  of 
Titania-Doped  Silica-Clad  Fiber 
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Figure  8. 

Composite  Long-Length  Strength  Distribution 


Figure  6. 

Theoretical  Strength  Distribution  after  Proof  Testing 
Reference  3. 

Figure  9. 


Cross-Section  of  Fiber 
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Figure  11. 

Failure  Probability  Predictions  for  Bending 
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Figure  12. 

Predicted  Mean  Bend  Strength 
20  Meter  Tensile  Measurement 
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Figure  13. 

Equivalent  Tensile  Test  Length  for  Bent  Fiber 
Long-Lengths 


Figure  14. 

Equivalent  Tensile  Test  Length  for  Bent  Fiber 
Short-Lengths 
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SUMMARY 

Standard  laboratory  tests  under  harsh 
environmental  conditions  are  routinely  carried  out 
on  splice  and  connector  products  so  they  can  meet 
performance  specifications  and  reliability 
requirements.  However,  degradation  and  even 
failures  could  still  occur  to  fiber  interconnections  in 
the  field.  These  field  problems  provided 
opportunities  for  a  better  understanding  of  factors 
which  impact  the  reliability  of  fiber 
interconnections  in  practical  uses.  By  analyzing 
field  samples  of  splices  and  connectors,  we  have 
learned  how  they  degraded  or  failed  during 
installation  or  in  a  service  environment.  These  field 
problems  were  attributed  to  poor  product  quality, 
deficiency  in  installation  practices,  or  severe  service 
environment.  In  cases  of  new  failure  mechanisms, 
continuing  development  of  new  test  procedures  will 
be  needed  to  address  these  specific  reliability 
concerns  so  future  laboratory  testing  can  better 
assure  the  reliability  of  the  fiber  network. 

INTRODUCTION 

With  the  migration  of  optical  fiber  into  the 
subscriber  loop,  both  performance  and  reliability 
requirements  of  fiber  components  have  to  be 
reconsidered.  On  one  hand,  enhancements  in 
performance  a.  .1  reliability  of  commercially 
available  optical  nbers  have  been  actively  pursued; 
on  the  other  hand,  concerns  over  reliability  of 
splices  and  connectors  are  now  being  addressed. 
These  concerns  are  heightened  by  the  continuing 
introduction  of  new  products  into  the  marketplace 
and  eventually  the  fiber  network. 

To  assure  that  interconnection  products  meet 
performance  and  reliability  requirements,  several 
standard  tests  under  harsh  environments  are 
routinely  performed  in  the  laboratory  to  simulate 
accelerated  aging  under  service  conditions. 


Nevertheless,  occasional  performance  degradation 
and  even  failures,  such  as  discontinuity,  increased 
insertion  loss  or  increased  reflection,  could  still 
appear  during  installation  or  service.  Postmortem 
analyses  were  at  times  conducted  to  elucidate  the 
causes  of  field  problems.  These  recurring  problems 
point  out  the  urgent  need  for  better  knowledge  of 
factors  which  affect  the  reliability  of  splices  and 
connectors  in  practical  applications. 

In  this  study,  various  analytical  techniques, ^ 
such  as  optical  microscopy,  scanning  electron 
microscopy  (SEM)  and  x-ray  imaging,  were  used  to 
evaluate  failed  splices  and  connectors.  Analyzing 
field  samples  have  offered  us  unique  opportunities 
to  learn  how  connectors  and  splices  degraded  or 
failed  during  installation  or  in  a  service 
environment.  In  most  cases,  breakdowns  were 
directly  linked  to  hardware  or  fiber  failures,  defects, 
or  loss  of  fiber  retention. 2  These  problems  can  then 
be  attributed  to  poor  product  quality,  deficiency  in 
outside  plant  practices,  or  severe  service 
environment. 3 

Failure  analyses  of  field  samples, 
complementary  to  standard  environmental  and 
aging  tests,  have  provided  useful  information  about 
degradation  and  failure  mechanisms  in  splices  and 
connectors.  These  field  problems  may  not  otherwise 
be  possible  to  reproduce  in  a  laboratory. 
Understanding  field  failures  wiil  then  contribute  to 
the  development  of  new  test  procedures,  and  further 
improvements  in  product  designs  or  outside  plant 
practices. 

INSTALLATION  OF  SPLICES  AND  CONNECTORS 

Most  interconnection  products  have  to  pass  a 
series  of  optical,  mechanical  and  environmental 
tests  in  the  laboratory.  These  tests  are  based  on 
standard  fiber  optic  test  procedures  (FOTPs)  issued 
by  Telecommunications  Industry  Association 
(TIA).  The  majority  of  over  twenty  FOTPs  for 
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splices  and  connectors  involve  measurements  of 
optical  performance  under  various  environmental 
conditions.  However,  laboratory  tests  might  not 
guarantee  that  all  products  survive  a  trouble-free 
service  life,  while  new  failure  mechanisms  are 
being  discovered  in  field  samples.  Only  with  a  good 
understanding  of  degradation  and  failure 
phenomena,  can  new  test  procedures  be  developed 
to  detect  them  in  laboratory  testing. 

Currently,  field  problems  can  happen  to  factory- 
built  connectors,  or  field-installed  splices  and 
connectors,  despite  going  through  strict 
qualification  processes.  Aside  from  poor  product 
quality,  field  problems  of  fiber  interconnections 
usually  originate  from  inadequate  or  improper 
assembly  practices. 

Whereas  there  are  a  wide  variety  of  splice  and 
connector  products,  three  basic  operations  are 
common  to  most  assembly  practices: 

(1)  Fiber  preparation:  It  includes  coating 
stripping,  fiber  cleaning  and  cleaving/polishing 
operations,  so  two  pieces  of  fiber  can  be  joined  and 
aligned. 

(2)  Fiber  alignment:  Both  active  or  passive 

f  alignment  techniques  are  used  to  assure  low 

i  insertion  loss  and  low  reflection.  The  specific 

alignment  method  to  be  used  depends  on 
applications,  interconnection  designs,  and  cost  and 
(  performance  requirements. 

(3)  Fiber  retention:  Maintaining  fiber  alignment 
and  mechanical  integrity  of  a  splice  or  connector 
over  the  service  life  is  the  key  to  its  long-term 
reliability. 

SOLVING  FIELD  PROBLEMS 


Because  of  one  or  more  of  these  factors,  splices 
and  connectors,  despite  passing  a  series  of 
inspection  and  environmental  tests,  could 
occasionally  fail  during  installation  or  service. 
Most  field  problems  can  be  put  into  three  categories: 

(1)  Discontinuity  in  a  fiber  link:  An  "open  "  line 
is  most  likely  caused  by  fiber  failure  due  to  stress- 
induced  fatigue. 

(2)  Increase  in  insertion  loss:  Increasing  fiber 
separation  in  a  mechanical  splice  or  a  connector 
can  result  in  an  intermittent  or  permanent 
increase  in  the  insertion  loss. 

(3)  Increase  in  reflection:  Contamination,  fiber 
fracture,  and  loss  of  fiber  retention  can  cause  an 
intermittent  or  permanent  increase  in  reflection 
(decrease  in  the  optical  return  loss)  of  a  splice  or 
connector. 

Analytical  Techniques 

Since  different  splice  or  connector  products  use 
different  designs  and  materials,  the  failure 
mechanism  of  each  product  could  be  unique.  A 
single  analytical  technique  may  not  be  able  to 
provide  an  exact  diagnosis.  Sometimes,  combining 
several  analytical  techniques  allows  the  failure 
mechanism  to  be  more  clearly  identified. 

Several  analytical  techniques^  have  been  used  in 
determining  the  cause  of  failure  and  identifying  the 
location  and  composition  of  each  defect.  Table  1 
summarizes  techniques  used  in  analyzing  field 
samples  and  their  applications.  These  include 
optical  microscopy,"*  SEM  (with  energy  dispersive  x- 
ray  spectroscopy  and  backscattered  electron 
imaging),  and  x-ray  imaging. 


Most  field  problems  are  related  to  products  of 
poor  quality  or  deficiencies  in  assembly  practices,  in 
which  several  operations  could  potentially 
jeopardize  reliability  of  the  fiber  link.  For  example, 
effects  of  environmental  conditions  on  reliability  are 
closely  related  to  the  design  and  materials 
properties  of  each  product. 

During  assembly,  although  both  stripping  and 
cleaning  operations  will  not  influence  the  optical 
performance  of  splices  and  connectors,  they 
inevitably  degrade  fiber  strength  and  may  affect  the 
long-term  reliability  of  fiber  interconnections."*  ® 
The  cleave  angle  of  fiber  influences  performance  of 
fusion  splices,  and  the  finish  of  fiber  ends  impacts 
connector  performance.  In  addition,  field-installed 
splices  and  connectors  could  become  more 
vulnerable  if  craftspeople  are  exposed  to  poorly 
maintained  field  tools,  inadequate  practices  or 
training,  and  difficult  working  conditions. 


Table  1. 

List  of  Analytical  Techniques  for  Failure  Analysis 


Analytical  Technique 

Optical  Microscopy 


Applications 

Fraciographic  analysis, 
defect  locating 


Scanning  Electron  Microscopy 

energy  dispersive  x-ray  sped, 
backscattered  electron  imaging 


Fractographic  analysis, 
defect  locating 

Defect  identification 
Defect  locating 


X-ray  imaging 


Defect  locating 


International  Wire  &  Cable  Symposium  Proceedings  1991  827 


Figure  2.  X-ray  image  of  a  failed  connector.  The 
break  in  the  lighter  color  image  of  fiber 
indicates  where  the  fiber  fractured. 
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Figure  1.  Backscattered  electron  image  of  the  fiber 
endface,  showing  the  "air  line"  defect. 


(2)  A  high  failure  rate  of  connectors  was 
experienced  during  installation.  Figure  2  taken 
from  x-ray  imaging  reveals  that  the  fiber  fractured 
near  the  entrance  to  the  glass  capillary.  Fiber 
failures  were  most  likely  linked  to  damage  sufTercd 
during  fiber  preparation. 

(3)  When  mechanical  splices  failed 
prematurely,  SEM  and  optical  microscopy  were 
used  for  fractographic  analyses  of  fiber  pieces 
inside  the  splice  samples.  Figure  3  presents  an 
SEM  micrograph  of  the  fractured  fiber  removed 
from  a  splice  sample.  The  shape  of  the  fracture 
surface  indicated  that  it  was  resulted  from  the 
presence  of  a  high  torsional  stress.  The  stress  was 
most  likely  introduced  when  the  splice  was  placed 
inside  the  closure. 

These  and  other  field  samples  have  served  to 
demonstrate  the  benefits  of  failure  analysis.  That 
is,  laboratory  testing  could  not  fully  assure  the 
reliability  of  splices  and  connectors  without 
continuing  development  of  new  tests  to  address 
specific  failure  mechanisms. 


SEM  MICROGRAPH  OF  FRACTURED  FIBER  END 


Figure  3.  SEM  micrograph  of  the  fractured  fiber 
removed  from  a  mechanical  splice, 
showing  the  presence  of  a  high  torsional 
st  rcss. 


Various  analytical  techniques  have  been  applied 
to  failed  field  samples  and  provided  useful 
information  about  failure  mechanisms  in  splices 
and  connectors.  Such  informa* ion,  otherwise 
difficult  to  gather  in  laboratory  testing,  should 
constitute  the  basis  for  further  improvements  in 
product  designs  or  installation  practices. 
Continuing  development  of  new  l.ihoratorv  tests  to 
iiddress  specific  reliability  issues  should  then  better 
assure  the  reliabilitv  of  the  fiber  network. 
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Summary : 

The  structure  of  the  types  of  optical  fiber 
cable  used  in  the  DBF  T  trunk  network  (FLN)  is 
introduced  in  brief.  The  bridgeable  repeater 
spacings  are  presented  in  relation  to  the  fiber 
quality  used  and  the  number  of  splice  joints. 
This  is  followed  by  a  breakdown  of  the  quantity 
of  optical  fiber  cables  currently  installed  in 
the  DBF  T  network,  with  a  look  ahead  to 
developments  in  the  coming  years.  Following  a 
basic  description  of  the  acceptance 
measurements  conducted  on  already  installed 
optical  fiber  cables,  the  method  of 
computerized  acceptance  tests  using  a  FC  is 
described  in  detail.  Subsequently  the 
evaluation  of  the  measured  data  is  explained 
with  reference  to  examples  and  the  results  of 
the  evaluation  are  discussed.  In  conclusion,  a 
brief  outline  is  provided  of  the  prospects  for 
potential  future  developments. 


1.  Cable  specifications  and  planning  rules 

From  the  very  outset,  DBF  T  has  used  optical 
fiber  cables  with  bundle  conductors  which  are 
laid  up  around  a  centra]  element  made  from 
glass  fiber-reinforced  plastic.  Depending  on 
the  cable  type,  the  bundle  conductors  can 
contain  2,  4  or  10  fibers  and  are  filled  with  a 
special  filler.  The  cable  core  contains  a 
further  2  to  4  copper  wires  for  maintenance 
purposes  and  is  filled  with  petroleum  jelly  for 
longitudinal  water  tightness. 

The  cable  jacket  comprises  an  aluminum 
composite  layer  sheath  with  glass  and  aramide 
yarns  bonded  on  the  inside  for  strain  relief 
purposes.  Figure  1  shows  a  typical  basic 
structure  of  the  optical  fiber  c:abies. 

I'he  fibers  used  are  single  tIDde  fibers  with  an 
attenuation  of  max.  0.16  dB/km  (trunk  network) 
and  0.41  dB/km  (local  network)  with  I  HO  nm  and 
a  maximum  dispersion  of  i .  I  ps/nmkm  (trunk 
network)  and  'i  ps/nmkm  (local  network). 


''.cure  1 :  2‘J  fibre  cable 


Assuming  a  splice  loss  of  0.1  dB/km  (trunk 
network)  and  0.2  dB/km  (local  network)  and  a 
maintenance  margin  of  0.  IB  dB/'km,  repeater 
spacings  of  30.4  km  (trunk  network)  and  24  km 
(local  network)  can  bo  bridged.  The  maximum 
system  bit  rate  is  currently  'iO')  Mbit's  in  the 
trunk  network  and  140  Mbil/s  in  the  local 
network . 

2.  Optical  fiber  cables  installed  in  the 
DBF  T  network 

DBF  T  began  laving  the  first  test  sections  with 
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optical  fiber  cables  in  1979/1980.  From  1983 
onwards  optical  fiber  cables  with  graded  index 
fibers  wei e  installed  in  the  trunk  network. 
Since  1985  new  cable  lines  laid  in  the  trunk 
network  have  consisted  exclusively  of  optical 
fiber  technology  with  sln^  node  fibers.  From 
1986  to  1990  an  optical  fiber  overlay  network 
was  established  in  29  major  German  cities  and 
this  is  being  added  to  continuously. 

Optical  fiber  technology  has  also  been  used 
almost  exclusively  in  recent  years  for  the 
local  Junction  cables  for  digital  operation 
between  local  exchanges  installed.  Finally, 
since  1990  and  following  German  reunification, 
optical  fiber  cables  only  have  been  used  from 
Che  very  outset  to  develop  the  new  trunk 
network  in  East  German  states.  Figure  2 
ptOvides  an  overview  of  the  quantities  of 
optical  fiber  cable  installed  in  the  trunk  and 
local  networks  since  1980  and  1986  respectively 
as  well  as  the  planned  figures  until  1993: 


of  cable  with  262,100  km  of  fiber  utilized  in 
the  local  network:  in  other  words,  already  over 
1  million  km  of  fiber  have  been  installed  in 
the  DBF  T  network.  In  1991  alone  some  1,800  km 
of  cable  with  over  53,000  km  of  fiber  will  be 
laid  in  the  now  trunk  network  of  the  acceding 
East  German  states. 

3.  Regulations  for  acceptance  tests 

In  principle,  "acceptance  tests"  are  conducted 
on  all  optical  fiber  cables  once  installed. 

This  involves  comparing  the  determined  desired 
value  (fiber  attenuation  plus  splice  loss)  with 
the  measured  actual  total  loss  value.  All 
measurements  are  conducted  with  OTDR.  The 
calculations  allow  for  the  areas  of  the  dead 
zones  at  the  beginning  and  end  of  the  measuring 
path.  Figure  3  shows  the  calculation  of  desired 
and  actual  attenuation  values  for  a  cable 
section  again  in  detail: 


■laure  1:  Optical  fibres  in  the  networK 

of  tne  Deufsene  BunaesDost  TElEko** 


Bv  lh('  end  of  I9'K),  therefore,  46,700  km  of 
'obte  w  1  I  fi  75(),OOf)  km  of  fiber  fiaif  tx'en 
inst.illed  in  the  trunk  network,  ,!ml  15,000  km 


oesired  value: 


*des  -  ^  X  n  X  a.c^ 
actual  value: 


1  »  total  section  lengtn  (ten) 

attenuation  coeff.  *  C.56  dB/ke 
n  =  total  nuiioe^  of  sol  ices 
05*  sol  ice  loss  «  0. :  de 
Bieasurec  lengtn  uir,' 
a»*  measurec  loss  (OB) 

Figure  5:  Detersinailon  of  the  desired  (Aaes^ 

the  actual  (Aact^  value  of  the  section  loss 


If  the  actual  value  measured  exceeds  the 
predetermined  desired  value  a  "fault  analvsis" 
raeasuieraenl  must  be  rondutted  on  the  fiber 
concerned  in  order  to  detect  the  ex.ict  cause  of 
the  fault  .  This  involves  measuring  each 
individual  fiber  attenuation  coeffirieru  and 
splice  loss  at  both  ends  of  the  cable  line  and 
then  calculating  the  arithmetical  average. 

A  mea.siirement  of  this  kinil  i  ,in  also  be 
cond.icted  as  a  "section  .inalvsis"  on  all  the 
fibers  making  up  .1  table.  This  provides  a  l.irge 
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number  of  data  indicating  the  level  and 
statistical  distribution  of  the  fiber 
attenuation  and  splice  loss  in  installed 
optical  fiber  cables.  However,  these 
measurements  are  extremely  time-consuming  with 
the  result  that  the  decision  was  taken  in  1988 
to  conduct  such  measurements  on  only  2  fibers 
in  the  cable  in  each  case.  The  results  were 
passed  to  the  FTZ  for  statistical  evaluation. 

4.  Implementation  of  computerized  acceptance 
tests 

In  1988  as  well,  investigations  were  under  way 
into  possible  "computerized"  methods  of 
performing  acceptance  tests.  These  were 
generally  also  to  include  section  analysis  for 
all  the  measured  fibers.  In  addition  to  the 
total  section  loss  (fiber  attenuation  plus 
splice  lossl  detailed  information  could 
consequently  be  obtained  about  the  statistical 
distribution  of  fiber  attenuation  in  the 
individual  cable  segments  and  of  splice  loss 
thanks  to  the  large  volume  of  measured  data 
available . 

In  certain  cases  the  data  thus  obtained 
permitted  adjustment  of  existing  planning  data, 
that  is  worst  case  planning  could  be  modified 
in  favor  of  plans  based  on  statistics. 

"Computerized"  measurements  of  this  kind  can 
already  be  implemented  by  several  OTDR  types 
with  the  aid  of  an  integrated  software  program. 
However,  this  has  the  disadvantage  that,  under 
certain  circumstances,  splice  loss  is  either 
measured  at  the  wrong  location  or  is  not 
detected  at  all  and  consequently  not  included 
in  the  statistical  evaluation  since  the  splices 
are  regarded  as  very  good. 

For  this  reason  appropriate  software  was 
developed  in  1989  for  controlling  the  existing 
OTDR  by  PC.  Computerized  tests  have  been  carried 
out  on  all  trunk  cables  in  a  total  of  10 
agencies  since  the  beginning  of  1990.  In  6  out 
of  the  10  agencies,  the  measurements  are 
conducted  with  both  1310  nm  and  1550  nra. 

Let  us  now  take  a  closer  look  at  how  the 
computerized  acceptance  test  is  conducted  with 
the  aid  of  an  example.  Figure  4  shows  the  basic 
set-up  of  the  measuring  station. 

A  commercially  available  OTDR  with  pulse  widths 
and  total  dynamics  suitable  for  conducting 
measurements  on  long  cable  lengths  is 
controlled  by  a  personal  computer  (PC)  via  a 
GPIB  interface.  For  practical  reasons,  the 
printer  is  best  located  in  a  central  position 
in  the  ofCloe.  The  item  being  measured  is 
connected  to  the  OTDR  with  single  noJe  PC 
connectors  by  means  of  a  10  m  jumper  cable 

Before  raea.suring  begins,  data  including  line 
number,  total  length,  cable  type,  number  of 
fibers,  number  of  cable  segments,  length  of 
measuring  lead,  cable  manufacturer. 


Figure  4;  Test  assembly  for  the 

automatic  measurement 

installation  company  and  length  of  the 
individual  cable  segments  is  entered  in  the  PC 
as  shown  in  table  1 . 

Diaolav  of  line  data _ 24.07. 1991 

OPD! Stuttgart  FA/DSt:FA  2/FKB 

Names  Held 

Type  of  linesISFVK  Line  No.s030752 

Sector  No. si  Sector sStgt  10  —  Stgt  20 
OTDRiAnritsu  Serial  No.s697S3 

TypesMW  910C/955C 
Cable  supplier sSEL/F 

Cable  type : A-DSF ( L ) ( ZN ) 2y . 1 0x4E . 0 , 38F . . . 

Number  of  fibers: 40 

Number  of  splice  joints: 10 

Length  of  sector  (m) s  13518.9 

Length  of  measuring  lead  (m):  9.0 

Length  overview _ 24.07. 1991 


No.  Cable  segment  length  fm) 


1 

to 

o 

2 

46.1 

3 

1911.8 

4 

1895.7 

5 

1882.3 

6 

1928.8 

7 

1808.5 

8 

1967.2 

9 

2045.2 

10 

29.3 

11 

2.0 

Length 

of 

sector  (m) : 

13518.9 

Length 

of 

measuring  lead 

(m)  : 

9.0 

Number 

of 

cable  segments: 

11 

Desired  value  of  section 

loss 

(dB):  5.867 

Table  1:  Input  of  the  relevant  section  data 
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The  computer  then  calculates  the  desired  value 
and  effects  the  OTDR  settings  necessary  for 
section  measurement  and  modified  to  suit  the 
section's  specific  requirements  (selection  of 
distance  range,  selection  of  the  pulse  width  in 
line  with  the  section  being  measured, 
adjustment  of  the  refractive  index  by  measuring 
the  end  reflex). 

Next  the  system  determines  the  total  loss  of 
the  section,  followed  by  the  actual  value, 
allowing  for  the  dead  zones  at  the  beginning 
and  end  of  the  cable  section  in  the  calculation 
as  in  manual  measurement .  Table  2  shows 
extracts  from  a  typical  result  log; 

Acceptance  test 

Type  of  line:ISFVk  Line  No. : 218105/001 

Sector : Koblenzll  —  Bad  Ems4 

Date:20.06. 1990 

Desired  value  of  section  loss  (dB) :  6.713 


Measurement  of  section  loss  with  1310  nm 
wavelength 


Fiber 

Input 

Ref.  index 

Measured  1 

Measured 

No. 

value  A 

A 

length  A 

value  A 

1 

52.533 

1.4797 

14881.0 

5.697 

2 

53.163 

1.4790 

14881.0 

5.498 

3 

52.724 

1.4790 

14872.0 

5.299 

4 

52.176 

1.4799 

14879.0 

5.753 

Fiber 

Section 

Input 

Ref.  index 

Measured 

No. 

loss  A 

value  B 

B 

length  B 

1 

6.253 

52.600 

1.4797 

14881.0 

2 

6.051 

50.514 

1.4790 

14881.0 

3 

5.858 

53.720 

1.4806 

14872.0 

4 

6.310 

50.581 

1.4799 

14879.0 

Fiber 

Measured 

Section 

Av.  section 

Actual  > 

No. 

value  B 

loss  B 

loss 

desired? 

1 

5.823 

6.379 

6.316 

no 

2 

5.372 

5.925 

5.988 

no 

3 

5.308 

5.862 

5.862 

no 

4 

5.729 

6.298 

6.298 

no 

Tible  2 

Result  of  section  loss  measurement 

111  IS  is 

f  O  1  !  (  iWOil 

bv  (  hc’  soc 

t  i  on  atta  /  \  s  i 

.S 

diit  i  ng  w 

h  i  (  il  t  ho 

( )'I  DR  ,  iiMiio 

r  l’(  1  oiit  rol 

svst  emat 

i  ca  !  1  V  riK 

*asu ri's  o.u 

h  t  i  be't  at  In 

'[uiat  ion 

('act  1  i  1  i 

onl  aiui  • 

’;i(  h  split  (' 

loss  ol  the 

•  f  i  l>ors 

a  !  oii!^  [  lio  out  i  t  o 

If’fli;!  h  of 

t  lu'  i  a  b  I  o .  .All  t  ho 

so?  f  i nos 

r-hnio  ftor  o  co.nip  I  v  w 

ith  t hoso  possibJo 

with  ni.iniial  nu'asui  omoni  al! 

'  iw.im  o  math' 

r«*i  1  In- 

ifo.nl  c,pt  iniiini  soft  iiii; 

tit  niai  koi  s  i 

I  fi 

mo.isu  f  1  1  fio  t  1  [ 

lor  a  t  t  c'li  11, 1 1  t  on  t  oo  (  t  I  • 

iont  (LI 

ni,  { r  kor  ^  ) 

iiih  sp  1  i 

(  O  I  1  1  ,S  S  (  ”'1 

niai  kors  ) ,  min  imum 

1  o;u;t  !)  < 

V  n  1  !’)  t  1 

M  nn'asur  j  nv’  t  iio  f  i  bor 

a  I  I  on  u  - 1 1  1  on  (  oe  I  I  u  i .  'ii  I  .  i-nd  i  e  1  U'X  masking 


etc.  The  operator  monitors  these  settings,  as 
shown  in  Figure  5  taking  a  single  splice  loss 
measurement  as  an  example,  and  has  an 
opportunity  of  atcepting  them  as  satisfactory 
after  each  setting  or  of  intervening  manually. 
This  prevents  incorrect  measurements  that  could 
be  made  bv  an  individual  length  being  entered 
incorrect Iv,  for  example,  (measurement  ul  the 
.splice  loss  at  the  wretng  location). 

19-JUL-91  09107  D  R=  72km 


1 .0km/div 
1 . 0dB/ d i V 


X  =1.31  5  M 

0.22BdB  p  w=  i  es 

>1-S6)  ilTT=  0.0dB(AUTO) 

IQR=1 .4356 


Aeasureaent  of  Attemi«tion  coefficient  /  ceble  segment  No.  OTDR: 


Line: 

rSFVk  B3B67S  2 

Space/' 

Splice 

Fiber 

Neesuring  locetion: 

Darns tadt 

cable 

loss 

att. 

Sector  length  (•): 

33S62.4 

segment 

(dB) 

coeff. 

Neesaring  Ie«d  (•): 

la.B 

ho. 

(dB) 

Ntieher  of  fibers: 

12 

-  .. 

Desired  ettemietlon 

■ 

OTDR  settiM? 

8.Z3B 

8.327 

1 

Rmnvin 

B.1B5 

8.454 

Fiber  ho. : 

1 

Hamial  setting  adjustment 

8.877 

8.458 

Input  welue: 

m 

8.265 

8.283 

Effcctlue  refreettue  index:  1.WS0 

3 

8. 262 

8.480 

Neesurlng  length  (■): 

331H.e 

18 

-  8.224 

8.421 

Neesured  value  idB) 

16.4S0 

11 

-  8.1S5 

8.558 

Section  loss  (dB): 

16.811 

12 

8.225 

Breech  of  upper  iiait 

yes 

(\)ntr(il  of  cuisor  points 

Figure  f)  sfiows  Iho  praclicnl  lavoiit  ot  a 
(vpical  moasurifig  station  in  an  e.\‘(  hango  Jaring 
I  ho  atroplcince  lost  on  an  optical  tibor  kablo 
'Mpporl  rack. 

-Ml  those'  nio.»suronionts  aro  iiow  loniliictotl  on  all 
tho  f  I  b<'r  s  in  a  cablo  a/itl  t  roi,  l)ol  h  tanls  o!  [  !u' 
sect  inn.  Iho  PC’  t  hon  calculati's  t  lio  avorago 
spli  cc'  loss  iiiul  tibor  altonuation  (  ool  1  i  c  i  c'iit 
\  <1 !  uos . 

Tho  r  osn  1 1  s  <‘f  !  host'  m»'asn  romont  s  .)i  c' 
subst't|uont  i  V  pi  lilt  I'll  out  in  i  lu'  oltino  in  log 
(orm.  i'hov  vitc'  usc'd  to  vc'i  ilv  an»f  .buii:nc'Tit  t  lu- 
(al>l('\s  suit.ibilit\  t'a  rrioasii  i  onion  t 
i|ua  I  i  I  i «  .it  i  t'ti  pu  rposos  .  in  ,ii!'i  1 1  i  nn  .  t  hc' 
rosiilfs  lor  raft)  talilo  lino  aro  si  oroii  lui 
tloppv  il  1  sk  atul  son!  to  tho  \'\/  twno  a 
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Figure  6:  Typical  measuring  station 


Table  3  shows  extracts  from  a  typical  log: 


Acceptance  test 

Type  of  lineiISFVk  Line  No. :2iai05/001 
Sector :Koblenzll  —  Bad  Ems4 
Datei20.06. 1990 

Desired  value  of  section  loss  (dB):  6.713 
Page  No . s  3.0 

Measurement  of  fiber  attenuation  coefficient  and 
splice  loss  with  1310  nm  wavelength 


Fiber  No . :  1 


Cable  segment  No.  1 

2 

3 

o  "aA*; 

A^t671U3^XOn  CO€f£xCX6Il^  A 

U  •  043 

n  ^AA 

AtitiGnuciti Ion  coG££i.cxGn^  B 

U  «  040 

n  "SAA 

Av •  COGf£xCXGll^ 

U  •  040 

Splice  No.  1 

SpIicG  loss  A  - - 

2 

3 

0.024 

0 . 132 

SplXCG  loss  B 

Av.  SplXCG  loss  - - 

0.078 

4 

5 

J5 

7  / 

0.340 

0.358 

0.321 

0.352 

0.378 

0.354 

0.350 

0.335 

0.359 

0.356 

0.336 

0.344  1 

4 

5 

6 

7  ) 

0.014 

0.101 

0.117 

0.15 

0.004 

-0.008 

0.192 

0.183 

0.009 

0.046 

0.154 

0.162 

- 1 

Table  3:  Results  of  fiber  attenuation  coefficient 
and  splice  loss  measurement 


Fiber  No . s  2 


Cable  segment  No.  123 

Attenuation  coefficient  A  -  0.3 

Attenuation  coefficient  B  -  0.3 

Av.  attenuation  coefficient  -  0.3 


Splice  No. 
Splice  loss  A 
Splice  loss  B 
Av.  splice  loss 


4 

5 

6 

- 1 

7 

0.345 

0.338 

0.347 

0.330  I 

0.335 

0.351 

0.345 

0.337  1 

0.340 

0.344 

0.346 

0.344  \ 

4 

5 

6 

7  / 

0.052 

0.040 

0.187 

-0.022  ! 

0.026 

0.024 

0.021 

0.158  \ 

0.039 

0.032 

0.104 

0.068  1 

Fiber  No . i  ^ 


Cable  segment  No.  123 


Table  3  (cont'd) 


5.  Evaluation  of  measured  data 

The  section  data  are  transferred  to  floppy 
disk  ind  forwarded  to  the  FTZ.  Here 
the  data  are  automatically  read  into  a  PC  for 
subsequent  further  statistical  processing.  The 
evaluation  program  developed  specially  for  this 
purpose  now  allows  the  data  to  be  summarized 
according  to  the  following  criteria: 

1 .  Regional  or  supra-regional  trunk  network 

2.  Installation  of  cables  by  DBP  T  or  by  third 
parties 

3.  Differentiation  between  cable  types  with  2, 

4  or  10  bundle  conductors 

4.  Differentiation  between  various  cable 
suppliers 

5.  Arrangement  of  data  according  to 
geographical  districts 

All  these  options  can  also  be  combined  with 
each  other  as  desired. 

As  Table  4  shows,  the  average  values  and 
standard  deviation  are  evaluated  initially  as 
follows: 

-  Fiber  attenuation  coefficient  for  the  entire 
section  (in  dB/km) 

-  Fiber  attenuation  coefficient  for  individual 
lengths  (in  dB/km) 
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-  Splice  loss  (in  dB)  and 

-  The  resultant  average  joint  spacing 

Statistical  evaluation  of  the  measured  results  bv  criteria 

23.07.1991  13:39:40 

Type  of  meaeurement :  A 

Line  No. :  OJO 

OPD:  all 

Installation:  F 

Cable  supplier:  all 

Fibers/bundle  conductor:  4 

Attenuation  coefficient  of 
installed  section  in  dB/km 
with 


-  All  cable  suppliers 

-  Summary  of  cables  with  4  bundle  conductors 

-  Installation  by  third  parties  (F) 


Furthermore,  the  statistical  distribution  of 
the  values  can  be  shown  in  predetermined  limit 
ranges.  The  program  prints  out  the  following 
distributions,  as  shown  in  Table  5: 


-  Distribution  of 

-  Distribution  of 

-  Distribution  of 
with  1310  nm 

-  Distribution  of 
with  1550  nm 


splice  loss  with  1310  nm 
splice  loss  with  1550  nm 
fiber  attenuation  coefficient 

fiber  attenuation  coefficient 


1310  nm 

1550  nm 

Number  of  values 

1236 

912 

Average  value  (Av.) 

0.396 

0.249 

Standard  deviation 
(SD) 

0.025 

0.029 

Av.  +  3*SD 

0.473 

0.337 

Minimum  value 

— 

— 

Maximum  value 

— 

— 

Attenuation 

coefficient 

of 

individual 

with 

1310  nm 

lengths  in  dB/km 

1550  nm 

Number  of  values 

17976 

13270 

Average  value  (Av. ) 

0.345 

0.199 

Standard  deviation 
(SD) 

0.013 

0.011 

Av.  +  3*SD 

0.385 

0.231 

Minimum  value 

0.300 

0.165 

Maximum  value 

0.600 

0.568 

Splice  loss 
with 

1310  nm 

obtained  in 

1550  nm 

dB 

Number  of  values 

17047 

12538 

Average  value  (Av. ) 

0.062 

0.053 

Standard  deviation 
(SD) 

0.048 

0.041 

Av.  +  3*SD 

0.206 

0.177 

Minimum  value 

0.000 

0.000 

Maximum  value 

0.452 

0.512 

Aver|^e_join^_ijgacin2^j^m^j^__1^^04 

Table  4:  Statistical  evaluation  of  .several 
sections 


The  evaluation  also  shows  the  underlying  number 
of  measured  values  assessed.  In  addition,  the 
table  header  indicates  Che  critcrii  forming  the 
basis  of  the  evaluation.  In  the  example  these  are: 

-  l.ine  numbers  030  ...  (supra-rcgional  trunk 
network ) 

-  All  geographical  di.stricts 


Distribution  of  splice  loss  with  1310  nm 


Total 

: 

17074 

100.0% 

0.000 

- 

0.024 

dB: 

3498 

20.5% 

0.025 

- 

0.049 

dB: 

4870 

28.6% 

0.050 

- 

0.074 

dB: 

3591 

21.1% 

0.075 

- 

0.099 

dB: 

2064 

12.1% 

0.100 

- 

0.124 

dB: 

1331 

7.8% 

0.125 

- 

0.149 

dB: 

707 

4.1% 

0.150 

- 

0.174 

dB: 

438 

2.6% 

0.175 

- 

0.199 

dB: 

224 

1.3% 

0.200 

- 

0.224 

dB; 

134 

0.8% 

— 

-> 

0.025 

dB: 

190 

1.1% 

Distribution  of  splice  loss  with  1550  nm 


Total 

: 

12538 

100.0% 

0.000 

- 

0.024 

dB: 

3214 

25.6% 

0.025 

- 

0.049 

dB: 

4006 

32.0% 

0.050 

- 

0.074 

dB: 

2568 

20.5% 

0.075 

- 

0.099 

dB: 

1298 

10.4% 

0.100 

- 

0.124 

dB: 

704 

5.6% 

0.125 

- 

0.149 

dB: 

356 

2.8% 

0.150 

- 

0.174 

dB: 

165 

1.3% 

0.175 

- 

0.199 

dB: 

97 

0.8% 

0.200 

- 

0.224 

dB: 

56 

0.4% 

— 

•> 

0.025 

dB: 

74 

0.6% 

Distribution  of  attenuation  coefficient  with 
1310  nm 


Total 

17976 

100.0% 

0.300 

- 

0.309 

dB/km 

8 

0.0% 

0.310 

- 

0.319 

dB/)tm 

102 

0.6% 

0.320 

- 

0.329 

dB/)cm 

1366 

7 . 6% 

0.330 

- 

0.339 

dB/km 

4832 

26.9% 

0.340 

- 

0.349 

dB/km 

5079 

28.3% 

0.350 

- 

0.359 

dB/km 

4186 

23.3% 

0.360 

- 

0.369 

dB/km 

1709 

9.5% 

0.370 

_ 

0.379 

dB/k-m 

463 

2.6% 

0.380 

- 

0.389 

dB/)im 

144 

0.8% 

— 

-> 

0.390 

dB/)an 

87 

0.5% 

Table  5:  Distribution  of  fiber  attenuation 
coefficient  and  splice  los.s 

(cont inued  next  page) 
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Distribution  of  attenuation  coefficient  with 
1550  nm 


Total 

13270 

100.0% 

0.160 

-  0.169  dB/km 

6 

0.0% 

0.170 

-  0.179  dB/km 

65 

0.5% 

0.180 

-  0.189  dB/km 

1297 

9.8% 

0.190 

-  0.199  dB/km 

6746 

50.8% 

0.200 

-  0.209  dB/km 

3521 

26.5% 

0.210 

-  0.219  dB/km 

1149 

8.7% 

0.220 

-  0.229  dB/km 

327 

2.5% 

0.230 

-  0.239  dB/km 

84 

0.6% 

0.240 

-  0.249  dB/km 

31 

0.2% 

— 

>  0.250  dB/km 

44 

0.3% 

Table  5 

(cant'd ) 

As  shown  in  Figure  7,  Ihe  distributions  can  be 
output  in  graphic  form  either  as  composite  or 
individual  graphs  for  enhanced  clarity: 


Evaluatbn  of  the  splice  tosses  and  attenuation  coefficients  23.87.91 


Figure  7:  (iraphical  distribution  of  fiber 

attenuation  coefficient  and  splice 
loss 


This  permits  a  comparison  of  releva-l  data 
which  were  summarized  under  different  selection 
criteria  in  each  case.  Figure  8,  for  instance, 
compares  Telekom- i nstal I ed  and  company- 
installed  sections  of  cable  lines  belonging  to 
the  regional  trunk  network  with  two  fibers  per 
bundle  conductor. 

In  the  same  way  the  results  of  the  fiber 
attenuation  coefficient  can  be  compared  for  t  lie 
same  type  of  cable  produced  bv  different 
manufacturers,  for  example. 


Evaluation  of  the  splice  losses 


Company 

XYZ 


DBF  Telekom 
staff 


Figure  8:  Comparison  between  e.g.  enmpany- 
i nstal led  and  Telekom-installed 
sect  ions 

6,  Discussion  of  results 

Investigations  such  as  these  permit  the 
follctwing  conclusions  to  be  rear  he'd: 

-  Conclusions  as  to  the  overall  conf'igurat  icjn 
and  general  cpiality  of  the  installed  opticcil 
fiber  cables  in  the  various  network  areas 

-  Information  on  the  nualitv  of  i  nst  a  1  1  at  i  c.ni 
work ,  and 

-  Assessments  of  the  delivery  cjualitv  of  the 
cables  of  different  suppliers. 

Table  0  shows  the  summarized  results  obtained 
on  the  basis  of  ■35()  optical  fiber  cable  svsic'ms 
installed  from  19‘)0  to  micl-l’)hl. 


Type  of  measurement:  all 
Line  No. :  all 
OPD:  all 

Installation:  all 
Cable  supplier:  all 
Fibers/bundle  conductor:  all 


Table  (i;  I’cil.il  rc'siilLs  Iron  356<.ihlc'  sc'clioiis 
(continued  next  page') 
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Attenuation  coefficient  of 


installed  section  in  dB/km 
with 

1310  nm  1550  nm 

Number  of  values 

3678 

2242 

Average  value  (Av. ) 

0.417 

0.275 

Standard  deviation 

0.046 

0.048 

(SD) 

Av.  +  3  *  SD 

0.556 

0.420 

Minimum  value 

— 

— 

Maximum  value 

— 

— 

Splice  loss 

obtained  in  dB 

with 

1310  nm 

1550  nm 

Number  of  values 

37823 

23396 

Average  value  (Av.) 

0.066 

0.061 

Standard  deviation 

0.056 

0.058 

(SD) 

Av.  +  3  *  SD 

0.234 

0.235 

Minimum  value 

0.000 

0.000 

Maximum  value 

0.608 

0.579 

Attenuat ion 

coefficient  of 

individual 

lengths  in  dB/km 

with 

1310  nm 

1550  nm 

Number  of  values 

40881 

25186 

Average  value  (Av.) 

0.346 

0.200 

Standard  deviation 

0.016 

0.015 

(SD) 

Av.  +  3  *  SD 

0.395 

0.246 

Minimum  value 

0.300 

0.160 

Maximum  value 

0.600 

0.589 

coefficient  and  57»825  values  for  measured 
splice  loss. 

Plans  for  cable  lines  in  the  trunk  network  are 
currently  based  on  the  following  planning  data 
(average  values  for  installed  cables): 

-  Fiber  attenuation:  less  than  0.36  dB/km  (with 
1310  nm) 

-  Splice  loss:  less  than  0.1  dB/km 

-  Distance  between  2  splices:  approx.  2  km 

The  following  data  are  derived  from  the  results 
of  the  depicted  table: 

-  Measured  average  fiber  attenuation:  less  than 
0.345  dB/km 

-  Measured  average  splice  loss:  0.07  dB,  giving 
a  value  of  0.04  dB/k;n  for  the  loss  of  one 
splice  with  an  average  splice  spacing  of 
1.67  km. 

It  these  empirical  values  are  taken  into 
account  for  planning  purposes,  a  theoretical 
extension  of  the  repeater  spacing  from  J6,6  km 
to  40.6  km  results  for  a  565  Mbit/s  system. 

This  gain  cannot  be  utilized,  however,  .since 
the  plesisynchronous  565  Mbit/s  systems 
currently  used  are  dispersion  limited. 


7.  Future  prospects 

The  computerized  acceptance  tests  are  scfieduJed 
for  continuation  at  least  until  the  end  of  1092 


Average  joint  spacing  (km):  1.652 


Evaluation  of  the  splice  losses  and  attenuation  coefficients  23.07.91 
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Table  6  (cont'd) 


Critical  appraisal  will  be  made  of  any  possible 
influences  such  as: 

-  I'he  use  of  a  new  generation  of  thermal 
splicing  tools  wilh  clearly  improved  splicing 
results 

-  The  utilization  of  new  table  type.s  with 
central  steel  element  and  reduced  diameter 
of  the  bundle  conductors 

Any  conclusion  will  be  drawn  as  regards 
possible  modifications  to  planning  data  and 
changes  to  cable  design. 

As  regards  the  future  iit  i  1  i  zal  i  on  of  the 
installed  optical  fiber  cables  in  the  t h i i d 
window  wilh  1550  nm,  the  data  now  available  in 
statistical  form  will  he  a  useful  aid  for 
operating  the  e.xi sling  network  with  new 
services  and  future  transmission  facilities. 


This  evaluation  is  based  on  the  data  for  a 
total  of  3,678  measured  fibers  with  40,861 
individual  values  for  the  fiber  attenuation 
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PLAjroiNG  FOR  THE  FUTURE :  THE  IMPORTANCE  OF  A  STRUCTURED 


FIBER  CABLING  STRATEGY 


Bryan  Hatfield , 


CODENOLL 


Michael  Coden,  Brian  Ramsey 

TECHNOLOGY  CORPORATION 


This  paper  presents  a  migration  strategy 
towards  FDDI  for  fiber  optic  LAN  wiring  based 
on  two  basic  concepts.  The  first  concept, 
suggested  by  the  Electronics  Industries 
Association's  (EIA)  TR-41-8.1  working  group, 
is  the  three  tier  wiring  topology.  This 
basic  topology  itself  can  be  configured  into 
ring,  star  or  bus  networks.  The  three-tier 
hub  structure  will  virtually  serve  all 
network  applications,  including  the  very 
important  case  where  a  hierarchy  of  IEEE  802 
LANs  are  interconnected  by  an  FDDI  backbone. 

The  second  concept  concerns  the  medium 
itself.  In  its  current  draft,  EIA  TR-41-8.1 
does  not  recognize  fiber  as  an  option  for  the 
horizontal  wiring.  The  strategy  proposed 
here  differs  in  this  aspect  and  recommends 
fiber  for  both  vertical  and  horizontal 
wiring. 

The  choice  of  fiber  optic  medium  not  only 
satisfies  the  current  requirements  of  the 
IEEE  802  LANs  operating  in  the  range  of  4  to 
20  Mbps,  but  will  equally  well  serve  data 
speed  requirements  of  100  Mbps  for  FDDI  and 
SMDS  in  the  decades  ahead.  With  current 
trends  in  the  market,  the  cost  of  fiber  has 
become  compatible  with  shielded  twisted  pair. 
The  initial  incremental  investment  for  fiber 
cable  plant  more  than  justifies  itself,  in 
terms  of  a  simpler  migration  path  to  higher 
data  rate  services  and  applications  without 
costly  redesign  and  rewiring  of  office  cable 
plant , 


INTRODUCTION 

The  increasingly  rapid  introduction  of  ever 
more  powerful  work  stations  and  desktop 
computers,  full  screen  graphics  and  high 
speed  I/O  peripherals  has  created  a  need  to 
share  and  exchange  information  at  ever 
increasing  speeds.  This  need  is  reflected  in 
the  establishment  of  standards  for  local  area 
networks  (LANs). 

The  primary  standards  being  implemented  today 
are  those  of  the  IEEE  802  family  -  Carrier 
Sense  Multiple  Access  with  Collision  Detect 
(CSMA/CD)  or  Ethernet  (IEEE  802.3);  Token  Bus 
(IEEE  802.4)  and  Token  Ring  (IEEE  802.5). 
These  standards  define  LANs  which  will 
operate  at  maximum  data  rates  of  10,  20  and 
16  Mbs  respectively.  Already  it  is  perceived 
that  these  data  rates  will  soon  become 
limiting,  if  they  are  not  already  so,  for 
many  LAN  applications.  This  explains  then 
the  very  keen  interest  in  the  Fiber 
Distributed  Data  Interface  (FDDI)  standard 
currently  under  development  by  ANSI. 


FDDI  is  a  100  Mbs  data  rate,  token-ring  LAN 
with  an  optical  transmission  rate  of  125 
Megabaud.  It  will  accommodate  as  many  as  500 
nodes  spaced  up  to  2  km  apart.  Typical 
applications  which  will  utilize  the  high 
bandwidth  available  in  FDDI  include 
communication  between  main  frames,  as  a 
backbone  to  interconnect  lower-speed  (eg. 

IEEE  802)  LANs  through  file  servers,  bridges, 
gateways,  and  a  means  of  linking  work¬ 
stations  and  high-end  PCs  especially  in 
CAD/CAM/CAE,  financial,  advertising  and  other 
image  processing  environments. 

Because  of  its  very  high  speed,  the  FDDI 
standard  has  been  written  around  optical 
fiber  as  the  transmission  media  (F  stands  for 
Fiber).  As  the  advantages  of  fiber  optics 
over  twisted  pair  or  coaxial  cable  become 
increasingly  evident  --  higher  bandwidth, 
smaller  size  and  weight,  immunity  to  EMI  — 
optical  fiber  is  more  and  more  seen  as  the 
ideal  cabling  for  office  building,  campus  and 
industrial  environments.  Recognizing  this 
fact,  all  three  IEEE  802  standards  have 
either  developed  or  are  in  the  process  of 
writing  standards  for  fiber  optic  media.  The 
inherent  advantages  of  fiber  notwithstanding, 
for  the  lower  speed  (IEEE  802)  LANs  where 
copper  conductors  can  provide  an  adequate 
solution,  there  is  a  very  spirited  cost  based 
competition  between  the  various  transmission 
media . 

Given  that  the  labor  cost  associated  with 
installing  a  building  cabling  system  often 
exceeds  the  cost  of  the  materials  and  that  a 
system  once  installed  should  be  expected  to 
have  a  10-20  year  useful  operating  life,  it 
would  seem  that  rather  than  allowing  the 
cabling  system  to  evolve  with  the  supported 
LAN,  it  would  be  better  to  install  a  single 
cabling  system  which  could  support  any  LAN 
evolution.  As  it  is  evident  that  this 
evolution  will  almost  certainly  include 
higher  data  rates,  fiber  optics  is  the  only 
media  which  can  support  this  strategic 
approach . 

The  key  to  installing  a  fiber  optic  cabling 
system  is  to  select  a  wiring  topology  and 
termination  scheme  that  will  accommodate  any 
future  choice  of  LAN  protocol  and  to  choose 
fiber  and  connector  types  for  long  term 
hardware  compatibility.  The  cabling  strategy 
described  here  addresses  both  of  these  ma^or 
issues--wiring  topology  and  optical  fiber 
specification — and  is  applicable  to  all 
current  and  future  LAN  implementation 
scenarios . 
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CABLE  PLANT  TOPOLOGY 


The  Electronic  Industries  Association  (EIA) 
TR-41.8.1  Working  Group  has  for  some  time 
been  developing  a  Commercial  and  Industrial 
Building  Wiring  Standard.  Although  the  work 
of  this  group  is  not  yet  complete,  it  does 
serve  as  a  very  good  example  of  the 
recommended  cable  plant  wiring  topology. 

Basically  a  three-level  star  wiring  topology 
such  as  that  illustrated  in  Figure  1  is 
suggested.  The  maximum  distances  shown  in 
Figure  1  are  those  currently  recommended  by 
EIA  TR-41.8  for  optical  fiber.  That  portion 
of  the  star  wiring  from  the  work  area  (wall 
outlet)  to  the  wiring  closet  is  referred  to 
as  the  Horizontal  Wiring  from  the  fact  that 
most  of  the  wiring  on  this  level  will  be  in 
the  horizontal  plane  of  the  building.  The 
wiring  from  the  Wiring  Closet  to  the  first 
Cross-Connect  and  between  Cross-Connects  is 
referred  to  as  the  Vertical  Wiring  or 
Building  and  Campus  Backbones.  These  terms 
in  all  cases  are  meant  to  be  descriptive. 

The  Wiring  Closet  and  Cross  Connects  are 
sometimes  referred  to  as  Hubs  (Work  Group, 
Building  and  Campus). 

The  objective  of  the  star  wiring  topology, 
particularly  the  Backbone  sections,  is  to 
enable  installation  of  the  wiring  to  proceed 
without  prior  detailed  knowledge  of  the 
communications  service  which  will  be 
supplied.  The  limitation  to  three  levels  of 
hubs  will  adequately  serve  virtually  all 
network  applications  while  remaining  simple 
to  administer.  On  smaller  sites  a  single 
cross-connect  system  may  be  desirable. 

In  many  cases  the  user  has  requirements  for 
both  voice  and  data  equipment  at  a  work 
location.  Although  the  focus  here  is  on 
fiber  optics  for  LAN  applications,  the 
considerations  apply  equally  well  to  voice 
requirements  and  in  many  instances, 
particularly  the  horizontal  wiring,  cable  or 
cables  containing  more  than  one  transmission 
media  (say,  fiber  optics  and  unshielded 
twisted  pair)  will  be  installed. 

It  should  be  noted  that  the  wiring  strategy 
being  proposed  here  differs  from  the 
developing  EIA  standard  in  at  least  one 
important  aspect.  In  its  present 
( incompleted )  state  EIA  -  TR-41.8.1  does  not 
recognize  fiber  optics  as  an  option  for  the 
horizontal  wiring.  This  is  very  short¬ 
sighted.  As  noted  in  EIA  -  TR-41.8.1  after 
construction  of  a  building,  the  horizontal 
wiring  is  usually  much  less  accessible  than 
the  vertical  wiring.  The  time  to  make 
changes  can  be  extremely  high  with  attendant 
disruption  to  the  occupants  in  the  area  and 
their  work. 

These  factors  mak'^  choice  of  horizontal 

cable  types  and  their  layout  very  important. 
The  strategic  arguments  for  fiber  optics 
apply  equally  well  to  the  horizontal  and 
vertical  wiring.  Consideration  of  a  wide 
range  of  user  applications  must  be  given  in 
order  to  reduce  or  eliminate  the  probability 
of  requiring  changes  to  the  horizontal  wiring 
in  the  face  of  unforeseen  user  requirements. 


The  functionality  of  a  Hub,  be  it  wiring 
closet  or  cross-connect,  is  illustrated  in 
Figure  2.  Generally  speaking,  all  incoming 
and  outgoing  transmission  lines,  fiber  optics 
or  other,  are  terminated  in  patch  panels.  To 
minimize  current  costs,  some  users  prefer  to 
leave  unused  fibers  un-terminated.  Also 
present  in  the  Hub  will  be  signal 
distribution  and  regeneration  equipment. 

This  will  be  specific  to  the  particular  LAN 
protocol  being  implemented.  Use  of  the  star 
wiring  and  patch  panels  allows  any  desired 
LAN  topology  and  protocol  to  be  implemented 
now  and  changed  to  meet  any  future,  presently 
unknown,  requirements  making  changes  only  in 
the  electronics  and  interconnections  without 
changing  the  basic  cable  plant.  Figures  3-5 
illustrate  this  point,  showing  how  the  basic 
star  wiring  topology  can  be  configured  as  a 
ring  (Figure  3)  passive  or  active  star 
(Figure  4),  or  linear  bus  (Figure  5).  Figure 
6  illustrates  the  important  case  where  the 
upper  level  of  the  star  wiring  is  configured 
as  a  ring  (FDDI)  while  the  lower  levels  are 
configured  for  either  rings  (IEEE  802.5)  or 
passive  stars  (IEEE  802.3). 

One  of  the  questions  to  be  addressed  when 
planning  a  fiber  optic  cable  plant  is  just 
how  many  fibers  to  install.  What  makes  this 
question  so  difficult  is  that  once  in  place 
any  cable  plant,  because  of  its  installation 
expense,  should  have  a  20-year  life.  Users 
thus  need  to  consider  the  nature  of  their 
network  requirements  over  this  period.  These 
should  include  compatibility  with  emerging 
standards,  evolving  capacity  requirements, 
the  need  for  multiple  sub-nets,  redundancy, 
etc.  Also  to  be  considered  is  the 
desirability  of  other  services,  such  as  color 
video  at  the  workstation. 

Multimode  optical  fiber  has  more  than  enough 
bandwidth  to  meet  all  of  today's  and  most  of 
tomorrow's  LAN  applications.  Its  use,  rather 
than  higher  bandwidth  single  mode  fiber, 
results  in  lower  overall  system  costs. 
However,  in  looking  to  the  future,  some 
network  planners,  in  anticipation  of 
increasing  bandwidth  requirements,  specify 
cables  containing  one  or  more  single  mode 
fibers,  in  addition  to  multimode  fibers. 

The  point  is  that  if  a  cable  plant  should 
contain  enough  fibers  for  both  current  and 
future  requirements,  the  cost  of  increasing 
capacity  becomes  incremental  -  just  terminate 
the  fibers  and  install  the  appropriate 
electronics . 

All  of  the  IEEE  802  standards  require  a 
single  duplex  fiber  optic  cable  to  connect  a 
node  (one  fiber  for  the  transmit  signal  and 
one  for  the  receive  signal).  FDDI,  on  the 
other  hand,  provides  two  wiring  options. 
Stations  may  be  attached  to  either  a  dual 
counter-rotating  ring  or  through 
concentrators  in  lower  cost  single  ring  sub¬ 
networks.  These  100  Mbs  sub  rings  are 
connected  to  each  other  and  to  the  main  dual 
ring  through  concentrators.  Which  of  the  two 
implementations  a  user  will  choose  depends 
upon  a  number  of  factors  such  as  existing 
cable  plant,  reliability  requirements,  etc. 
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At  the  lowest  or  horizontal  level  of  the 
three-layer  wiring  hierarchy,  a  single  ring 
sub-network  will  usually  best  serve  the 
user's  requirement.  Therefore,  the  two  fiber 
cables  initially  installed  for  an  IEEE  fi02 
network  will  map  directly  into  a  single  ring 
FDDI  sub-network.  It  is  only  in  the  vertical 
wiring,  and  very  likely  only  at  the  highest 
layer,  that  one  might  wish  to  make  provision 
for  a  dual  FDDI  ring.  This  is  demonstrated 
in  Figui'e  7  which  illustrates  how,  •.^•ith 
proper  planning,  a  fiber  optic  Ethernet  (or 
IEEE  802.3)  star  topology  segment  can  be 
easily  migrated  to  a  dual,  counter  rotating 
FDDI  ring.  At  the  time  the  Ethernet  network 
is  installed,  a  second  duplex  fiber  optic 
cable  is  run  from  the  Hub  to  every  network 
station.  The  cost  of  installing  this 
initially  spare  fiber  cable  is  minimal  if  it 
is  done  at  the  same  time  as  the  primary 
installation.  When  it  is  time  to  upgrade  the 
network  to  FDDI,  the  passive  star  coupler  is 
simply  disconnected  and  jumpers  on  the  patch 
panel  re-configure  the  cable  plant  into  a 
ring.  What  were  initially  spare  fiber  optic 
cables  now  become  the  second  of  the  dual 
counter-rotating  rings.  The  major  cost  of 
this  conversion  lies  not  in  the  cable  plant 
but  rather  in  replacing  the  Ethernet  Station 
Interface  with  the  one  appropriate  to  FDDI. 

Unless  one  has  the  prescience  to  determine 
beforehand  which  nodes  on  some  future  FDDI 
network  will  be  on  the  dual  main  ring  and 
which  will  be  on  some  single  ring  subnet,  it 
is  probably  best  to  plan  on  running  at  least 
four  fibers  to  each  potential  FDDI  node  on 
the  horizontal  wiring  and  certainly  at  least 
four  fibers  on  the  vertical  or  backbone 
wiring . 

OPTICAL  FIBER  CHARACTERISTICS 

The  fiber  optic  cable  properties  currently 
specified  in  the  various  IEEE  802  and  ANSI 
FDDI  standards  are  summarized  in  Table  I  and 
Figure  8.  It  should  be  noted  that  while  the 
media  portion  of  all  these  standards  are  well 
established  and  stable,  in  many  cases  the 
standards  themselves  still  have  Draft  status. 
This  means  that  however  unlikely,  some 
important  changes  are  still  possible. 

The  discussion  in  this  section  is  from  the 
point  of  view  of  a  user  who  wishes  to  install 
and  use  fiber  now  with  an  IEEE  802  type  LAN 
with  the  provision  that  in  the  future  some  or 
all  of  the  fiber  optic  cable  plant  would  be 
upgraded  to  FDDI  use.  It  was  shown  in  the 
preceding  section  how  star  wiring  allows  for 
this  topologically.  The  purpose  of  this 
section  is  to  assure  that  the  fiber  installed 
now  will  have  the  proper  characteristics  for 
use  in  both  IEEE  802  and  FDDI  LANs. 

The  first  point  to  be  kept  in  mind  is  that 
the  IEEE  802  LANs  have  been  specified  for 
operation  at  a  nominal  optical  wavelength  of 
850  nm  while  FDDi.  is  intended  to  operate  at 
1300  nm.  Any  fiber  intended  for  dual  use 
must,  therefore,  exhibit  the  proper 
characteristics  at  both  wavelengths.  Most 
glass  fiber  sold  today  with  core  diameters  of 
50um,  62. Sum,  85um  and  lOOum  operate 


satisfactorily  with  both  wavelengths.  You 
should,  however,  check  the  manufacturers 
specif ications . 

All  of  the  LAN  standards  define  a  62.5/125 
micon  reference  fiber  for  purposes  of  testing 
and  verifying  various  fiber  optic  parameters. 
All  of  the  standards,  however,  explicitly 
include  the  use  of  other  multimode  fiber 
sizes.  This  is  both  in  recognition  of  a 
large  installed  base  of  fiber  other  than 
62.5/125  and  the  expected  continuation  of  the 
popularity  of  other  fiber  sizes  in  certain 
areas.  In  any  event,  all  multi-mode  fibers 
are  included  in  the  various  standards  with 
the  understanding  that  use  of  fiber  other 
than  62.5/125  may  change  some  parameters, 
such  as  coupled  optical  power  or  optical 
fiber  attenuation,  which,  in  turn,  might 
affect  other  parameters  such  as  maximum 
achievable  link  length.  The  effect,  if  any, 
can  be  determined  by  relative  simple 
arithmetic  calculation. 

The  fiber  dispersion  characteristic  is 
typically  presented  in  the  form  of  a  modal 
bandwidth.  For  the  purposes  of 
specification,  fiber  bandwidth  is 
approximated  as  an  inverse  linear  function  of 
length.  That  is,  a  500  MHz-Km  (FDDI)  fiber 
will  present  approximately  250  MHz  of 
bandwidth  (four  times  the  optical  line  rate 
of  125  M  baud  =  62.5  MHz)  at  the  maximum  FDDI 
distance  of  2  km.  It  is  not  necessary  that 
all  fiber  optic  cable  intended  for  use  in 
FDDI  LANs  exhibit  a  500  MHz-km  modal 
bandwidth.  If  the  known  maximum  node 
separation  is  L^,.  <  2km,  then  it  is  only 
necessary  that 

Modal  Bandwidth  >  250  L^^,  (MHz-km) 

The  chromatic  dispersion  parameters  provide  a 
measure  of  the  speed  at  which  different 
colors  (wavelengths)  of  light  travel  through 
a  multimode  optical  fiber.  Since  all  of  the 
existing  and  developing  fiber  optic  LAN 
standards  employ  wide  spectral  width  LEDs  as 
the  optical  source,  chromatic  dispersion  will 
contribute,  together  with  modal  dispersion, 
to  the  overall  system  bandwidth.  Chromatic 
dispersion  has  relatively  little  influence 
upon  the  performance  of  lower  data  rate  IEEE 
802  LANs,  but  becomes  more  important  when 
upgrading  a  system  to  the  higher  data  rates 
of  FDDI  if  cable  lengths  are  long. 

The  Appendix  contains  manufacturer's  data  on 
fiber  optic  cables.  The  cables  in  this  data 
sheet  will  conform  to  the  specifications  of 
both  the  850nm  IEEE  802  standards  and  the 
1300nm  FDDI  standard. 

with  the  exception  of  IEEE  802.3,  all  of  the 
IEEE  802  standards  are  deferring  to  FDDI  as 
regards  the  fiber  optic  connector 
specification.  The  duplex  connector 
specified  by  FDDI,  however,  is  not  yet  in 
widespread  use.  It  should  be  noted  that  the 
various  standards  define  only  those 
connectors  which  form  part  of  the  media 
dependent  interface  to  the  equipment  being 
defined  by  the  standard.  Other  connectors, 
particularly  those  at  Hub  patch  panels  and 
the  wall  panels,  are  user's  choice.  It  is 
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necessary  only  that  their  normal  optical 
loss,  together  with  the  fiber  attenuation  and 
other  normal  optical  losses  present  in  the 
transmission  path  (such  as  a  passive  star 
coupler)  satisfy  the  total  cable  plant  loss 
requirement  specified  in  the  standard.  If 
the  fiber  optic  cable  plant  is  terminated  at 
the  wall  outlet,  as  indicated  in  Figure  1, 
with  connectors  of  the  user's  choice,  then  a 
change  of  LAN  protocol  will  at  most  require  a 
change  in  the  short  ( 1  to  3  meter)  equipment 
to  wall  plate  hook-up  cable. 

SUMMARY 

This  paper  has  presented  a  fiber  optic  LAN 
wiring  strategy  based  upon  two  basic 
concepts.  The  first  is  the  three-tier  star 
wiring  topology.  From  this  basic  topology 


any  desired  LAN  topology— ring,  star  or  bus-- 
can  be  derived.  The  three-tier  structure 
provides  adequate  flexibility  for  most 
applications,  including  the  very  important 
case  where  a  hierarchy  of  802  LANs 
interconnected  by  an  FDDI  backbone  is 
required. 

The  second  premise  concerns  the  media  itself. 
The  media  portions  of  what  can  be  expected  to 
be,  over  the  next  ten  years  or  so,  the 
primary,  standard  LANs  are  today  well  enough 
defined  to  permit  their  installation  with 
little  fear  that  they  will  be  changed. 
Moreover,  with  little  effort,  a  single  fiber 
optic  media  can  be  chosen  which  will  not  only 
satisfy  the  current  requirements  of  IEEE  802 
LANs  operating  at  4-20  Mbs,  but  will  equally 
well  serve  the  100  Mbs  requirements  of  FDDI 
in  the  years  to  come. 


FIGURE  1.  RECOMMENDED  STAR  WIRING  TOPOLOGY 
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rADic  patch  signal  REPEATER,  PATCH 

tABLb  DISTRIBUTION  BRIDGE,  ETC.  PANEL 

F.O. 


FIGURE  2.  HUB  FUNCTIONALITY 


International  Wire  &  Cable  Symposium  Proceedings  1991  843 


PASSIVE  OR 
ACTIVE  STAR 
^  HUB^ 


FIGURE  4.  PASSIVE  OR  ACTIVE  STAR  TOPOLOGY  IMPLEMENTED 
USING  ALL  PURPOSE  PHYSICAL  STAR  VYIRING 


FIGURE  5.  LINEAR  BUS  TOPOLOGY  IMPLEMENTED  USING  ALL 
PURPOSE  PHYSICAL  STAR  WIRING 
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1MI2  I  -  Suanty  at  rihtc  Optic  Cabl*  Oiaractariatlca 

- m -  (H 

803.3  fOIRL  lOBASB-F'*'  802.4  802. 


reniCi) 


optical  Filar 

(Oan^rciaddirg-tA)  Rafczancs 

62.5/U5-.37S 

62.5/125-.275 

6a.5/125-.275 

62.5/125 

62.5/125-.275 

Ottwr 

AUawed 

50/125 

85/125 

100/140 

50/12 5-.23 
85/125-.26 
100/140-.275 

50/U5 

85/125 

100/140 

50/125 

100/140 

50/125-.20 

50/125-.22 

e5/125>.26 

100/140-.29 

Hcainai  Vtovelength  (rn) 

850 

850 

850 

850 

UOO 

Haxiaui  Attenoatian 

Optical  Fiber  (d^lto) 

3.75 

4.0 

2.5 

Total  cable  Plant  (dB) 

8 

““SIS 

27 

12 

U 

Miniinw  Modal  Banciwidth 
(Mlz  -  Mf) 

150 

150 

150 

500 

.093 

See  Fig  7 

Zero  Di^arsion 
Wavelength(iiii) 

1365 

See  Fig  7 

Maximn  Fiber  Iength()a>) 

2.0 

FP-0.5'^> 

2.0 

No.  Fibers  l^ira  per 

Attachment 

1 

1 

1 

1 

1  or  2 

Osmectors 

SiJiplex  (cne  fiber  per 
connection) 

SMA 

ST 

a9>les(  (two  fibers  per 
oonnectian) 

FCOI 

FTX>I 

Fnn 

Notes:  (1)  ‘Hiese  standards  exist  in  dnift  fora  at  the  present  lijBS 

(2)  Active  Star  Network 

(3)  Passive  Star  Network;  Loss  •  Star  Oo^^ler  2x  (Less  of  longest  F.O.  Link)  *  Oomector  Loss 


ZERO  DISPERSION  WAVELENGTH  (nm) 

FIGURE  8.  MINIMUM  DISPERSION  WAVELENGTH  AND  SLOPE  LIMITS 
(FROM  ANSI  X3T9.5,  FDDI  PHYSICAL  LAYER  MEDIUM 
DEPENDENT  SPECIFICATION,  JULY  1,  1988). 
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Mr.  Coden  has  a  Bachelor's  Degree  in 
Electrical  Engineering  from  the  Massachusetts 
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Jersey  Micro  Systems,  which  was  one  of  the 
early  distributors  of  microcomputer  networks 
such  as  Televideo,  Novell,  and  Molecular. 
Previously  Ramsey  worked  with  McGraw-Hill 
Information  Systems  for  10  years,  during 
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earned  a  bachelor's  degree  from  Bard  College 
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INSTALLED  COST  OF  FIBER  OPTIC  CONNECTORS  ON  VARIOUS  FIBER  SIZES 


John  C.  Huber 


3M  Company,  Austin  TX 


ABSTRACT 

Recently  optical  fibers  have  become  the  transmission 
medium  of  choice  for  short  distance  telecommunications. 
Optical  fibers  are  now  being  installed  in  homes  and  offices. 
These  applications  usually  require  connectors  to  be 
installed  two-at-a-time.  The  installed  cost  of  these 
connectors  is  a  substantial  barrier  to  rapid  deployment  of 
fiber  in  these  applications.  This  paper  describes  a  model 
to  estimate  the  installed  cost  of  connectors.  It 
demonstrates  the  cost  reductions  achieved  by  fast  curing 
adhesives  and  large  size  fibers.  And  it  offers  some 
suggestions  for  future  work. 

ESTIMATED  LINK  COST 

The  number  of  factors  and  the  range  of  costs  for  installing 
a  fiber  optic  link  have  wide  variances  depending  on  the 
application  and  many  other  factors.  In  telephony 
applications  and  data  communication  backbone  network 
communications,  there  have  been  almost  ten  years  of 
experience  which  has  reduced  this  uncertainty. 
Furthermore,  in  these  applications,  the  cable  and  cable 
installation  costs  far  outweigh  any  reasonable  level  of 
connector  installation  costs.  So  the  variance  in  installed 
cost  of  connectors  on  these  long  links  has  not  been  a 
critical  issue.  However,  as  fiber  penetrates  closer  to  the 
home  and  the  desktop,  the  connector  installed  costs 
become  more  significant.  And  much  of  the  experience  in 
other  applications  does  not  directly  apply.  For  example  in 
long  links,  it  is  commonplace  to  install  dozens  of 
connectors  at  one  sitting;  so  expensive  and  bulky  tools 
were  not  a  big  problem.  Specialized  crews  could  be  fiilly 
employed  in  installing  connectors;  so  a  high  level  of  skill 
and  extensive  training  were  not  a  big  problem. 

To  be  specific,  the  Fiber  Distributed  Data  Interface 
(FDDI)  link  from  the  concentrator  to  the  workstation  has 
been  selected  for  analysis.  This  link  has  two  fibers  which 
span  100  meters  and  include  12  mated  ferrules  in 
connectors,  8  of  these  are  in  the  FDDI  MIC  connector  as 
specified  by  the  FDDI  standard.  See  Figure  1.  The 
estimates  for  costs  are  shown  in  Table  1.  These  reflect  the 
experience  of  installing  many  thousands  of  connectors  and 
are  similar  to  two  recent  studies:  Clavenna(l)  and  an 
unpublished  survey  performed  for  the  Low  Cost  Fiber 


PMD  working  group  of  the  ANSI  X3T9.3  committee(2). 
The  survey  included  several  manufacturers,  several 
installers  and  several  end-users  and  is  felt  to  be  tne  most 
comprehensive  publicly  reported. 

FDDI  LINK  LAYOUT 


PATCH  PANEL 


TOTAL  COST  OF  FDDI  WORKSTATION-TO-CONCENTRATOR  CABLE  LINK 


ITEM 

UNITS 

QUANTITY 

COST 

TOTAL 

CABLE 

n 

100 

$1.10 

$110.00 

14 

CABLE  ; 

INSTALLATION 

in 

100 

$3.40 

$340. CD 

44 

OUTLET 

CONNECTOR 

ea  ST 

2 

$41.20 

$82.40 

11 

CLOSET 

CONNECTOR 

ea  ST 

2 

$21.03 

$42.06 

5 

DUPLEX 

JUMPER 

ea  MIC 

2 

$99.50 

$199.00 

26 

$773.46 

TABLE  1 


All  the  connectors  taken  together  comprise  42%  of  the 
total  cost  of  the  link.  Connector  cost  is  dominated  by  the 
cost  of  installing  the  connector  on  the  cable,  whether  done 
on  site  or  in  a  specialized  cable  assembly  facility.  It  is  the 
cost  of  the  labor  to  install  the  connector  that  dominates 
installed  cost.  Yet  the  technical  literature  does  not  contain 
much  specific  information  to  estimate  this  cost. 

A  computer-based  model  of  connector  installation  was 
developed  to  make  a  systematic  study  of  installed  costs. 
The  model  is  a  simple  spreadsheet  and  its  parameters  can 
be  easily  modified.  In  addition,  ihe  sequence  of  tasks  can 
be  easily  rearranged  to  accommodate  different  installation 
practices.  A  printout  of  the  spreadsheet  is  shown  in 
Exhibit  1. 
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CALCULATION  OP  INSTALLED 

COST 

TYPE: 

EPOXY  ADHESIVE;  KANl.AL  POLISH 

;  62. 

5/125  GLASS  FIBER;  "SLOW 

•  TIMES 

TIME- 

RANGE 

TIME 

TIME 

0 

TASK  NAME 

FAST 

SLOW 

TASK 

ELAPSED 

SETUP 

START 

0.00 

0.0 

-  UNIT  COSTS  - 

SETUP 

PREPARE  WORK  SITE 

3.0 

6.0 

6.00 

6.0 

CONNECTOR 

98.33 

SETUP 

PREP:  HEAT  OVEN 

5.0 

7.0 

7.00 

13.0 

SUPPLIES 

90.54 

SETUP 

PREP:  UVY  OUT  TOOLS 

2.0 

4.0 

4.00 

17.0 

TOOL  KIT 

91.150 

SETUP 

PREP:  OPEN  CABLE  SHEATH 

2.0 

10.0 

10.00 

27.0 

KIT  LIES 

5,000 

SETUP 

PREP:  MIX  &  LOAD  EPOXY 

3.0 

6.0 

6.00 

33.0 

LABOR/KR 

$60.00 

SETUP 

PREP;  SIMULTANEOUS  TASKS 

-7.00 

26.0 

SETUP 

PREPARATION  COMPLETED 

26.0 

-  TOTAL 

COSTS  - 

TOTAL 

26.0 

SUPPLIES 

$1.08 

26.00 

26.0 

CONNECTOR 

:  $16.66 

PREPARE  CONNECTOR 

0.3 

0.6 

0.60 

26.6 

TOOL  KIT 

90.46 

1 

PREPARE  FIBER 

1.2 

2.4 

2.40 

29.0 

LABOR 

$101.40 

1 

PREP;  FILL  CONN  &  CRIMP 

2.0 

4.0 

4.00 

33.0 

1 

PREPARATION  COMPLETED 

33.0 

TOTAL 

9119.60 

1 

PAUSE  FOR  OVEN 

0.00 

33.0 

1 

CURE:  PUT  IN  OVEN 

0.1 

0.2 

0.20 

33.2 

AVC  COST 

$59.80 

1 

CURE  EPOXY 

20.0 

30.0 

30.00 

63.2 

1 

COOL 

2.0 

4.0 

4.00 

67.2 

1 

WAIT  FOr  POLISHING 

0.0 

67.2 

1 

POL:  CLEAVE  «  INSPECT 

0.5 

1.0 

1.00 

68.2 

1 

POLISH:  COARSE 

1.0 

2.0 

2.00 

70.2 

1 

POL:  CLEAN  &  INSPECT 

0.3 

0.6 

0.60 

70.8 

1 

POLISH:  FINE 

2.0 

4.0 

4.00 

74.8 

1 

POL:  CLEAN  &  INSPECT 

0.3 

0.5 

0.50 

75.3 

1 

POL:  FINAL  CHECK 

0.3 

0.5 

0.50 

75.8 

1 

POLISHING  COMPLETED 

75.8 

1 

TOTAL 

49.8 

2 

START 

33.00 

33.0 

2 

PREPARE  CONNECTOR 

0.60 

33.6 

2 

PREPARE  FIBER 

2.40 

36.0 

2 

PREP:  FILL  CONN  &  CRIMP 

4.00 

40.0 

2 

PREPARATION  COMPLETED 

40.0 

2 

PAUSE  FOR  OVEN 

0.00 

40.0 

2 

CURE:  PUT  IN  OVEN 

0.20 

40.2 

2 

CURE  EPOXY 

30.00 

70.2 

2 

COOL 

4.00 

74.2 

2 

WAIT  FOR  POLISHING 

1.60 

75.8 

2 

POL:  CLEAVE  4  INSPECT 

1.00 

76.8 

2 

POLISH:  COARSE 

2.00 

78.8 

2 

POL:  CLEAN  4  INSPECT 

0.60 

79.4 

2 

POLISH:  FINE 

4.00 

83.4 

2 

POL:  CLEAN  4  INSPECT 

0.50 

83.9 

2 

POL:  FINAL  CHECK 

0.50 

84.4 

2 

POLISHING  CO.MPLETEO 

84.4 

2 

TOTAL 

51.4 

PACKUPSTART 

84.40 

84.4 

PACKVPPREP:  COOL  OFF  OVEN 

S.O 

7.0 

7.00 

91.4 

PACXUPPREP:  PUT  TOOLS  IN  KIT 

2.0 

4.0 

4.00 

95.4 

PACKUPPREP:  CLEAN  WORK  SITE 

3.0 

6.0 

6.00 

101.4 

PACKUPPREPASATION  COKPLETED 

101.4 

EXHIBIT  1 


In  this  model,  there  are  two  sets  cf  variabl  i  parameters. 
One  set  applies  to  the  specific  connector  installation 
practice  and  is  the  range  of  times  to  perform  each  task. 
These  are  entered  in  the  columns  named  "TIME-RANGE, 
FAST,  SLOW."  The  time  entries  are  those  for  trained  and 
experienced  installers;  they  do  not  represent  novices  on 
one  hand  or  champions  on  the  other  hand.  The  entries  in 
the  FAST  column  are  the  fastest  times  normally  observed; 
these  '.re  not  the  fastest  times  by  the  fastest  installers. 
Similarly,  the  entries  in  the  SLOW  column  are  the  slowest 
times  normally  observed.  A  word  of  caution  is  necessary 
here,  fast  is  not  necessarily  better  than  slow.  Higher 
quality  of  work,  better  optical  performance  and  fewer 
rejects  are  more  often  encountered  by  installers  near  the 
slow  end  of  the  range  rather  than  the  fast  end.  Remaking 
one  connector  can  offset  the  entire  difference  between  the 
fast-working  and  lower-paid  installer  and  the  slow-working 
and  higher-paid  installer  for  a  job  of  four  connectors. 


As  can  be  seen  from  Exhibit  1,  the  setup  and  packup  times 
are  substantial  contributions  to  the  total  elapsed  time  for 
the  job.  To  be  realistic,  these  times  must  be  included. 
They  have  a  considerable  impact  when  small  numbers  of 
connectors  are  being  installed  at  a  time;  about  40%  for 
two  connector  installations. 

This  spreadsheet  can  be  run  for  the  range  of  parameters 
and  for  any  number  of  connectors.  The  results  are  shown 
in  Figure  2.  While  there  is  a  considerable  range  of  costs, 
it  is  clear  that  the  variability  is  larger  for  small  numbers  of 
connectors.  And  the  FDDI  installation  is  precisely  this 
situation.  Two  connectors  must  be  installed  at  each  wall 
outlet  adjacent  to  each  workstation;  %  of  the  cost  is 
labor.  Near  the  concentrator  in  the  coimnunications 
closet,  connectors  will  be  installed  twelve  at  a  time  or 
more;  then  labor  is  67%  of  the  cost. 


INSTALLLD  COST  OF  CONNECTORS 
Epoxy  adhesive;  manual  polish 


Insialled  Cosl  per  Connector 


FIGURE  2 

The  results  from  the  model  can  also  be  shown  graphically 
as  in  Figure  3.  It  can  be  seen  that  the  time  to  cure  the 
epoxy  in  common  connectors  is  the  next  largest  contributor 
to  the  elapsed  time. 


The  other  set  of  parameters  for  the  model  are  independent 
of  the  specific  connector  installation  practice  and  are  listed 
on  the  right  side  of  the  spreadsheet.  These  include  the 
connector  price,  supplies,  tool  kit  price,  tool  kit  life  and 
labor  rate.  Although  one  would  normally  expect  that 
higher  paid  installers  work  faster  and  do  better  work,  this 
is  not  an  absolute  rule. 
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CONNECTOR  INSTALLATION  -  62.5/125  FIBER 
Epoxy  Adhesive;  Manual  Polish 


Minutes 

120  [ - 


§  Connectors  Installed  at  One  Sitting 


■I  PREP  CSl  CURE  i  COOL  POLISH 

FIGURE  3 

Fast  acting  adhesives  have  been  introduced  to  reduce  the 
time  and  cost  of  curing  epoxy.  Examples  are  ultraviolet 
light  curing  and  hot  melt  adhesives.  These  adhesives 
typically  cure  in  a  few  minutes. 

When  entered  in  the  model,  these  adhesives  dramatically 
reduce  the  installed  cost  of  connectors.  Most  of  the 
advantage  is  in  labor  saving.  For  two  at  a  time,  the  labor 
drops  to  49%  of  the  cost.  Total  installed  costs  are  35-42% 
lower  than  epoxy.  The  results  are  shown  in  Exhibit  2  and 
Figure  4.  Furthermore  there  is  little  compromise  in  using 
fast-curing  adhesive  connectors.  The  optical  performance 
of  hot  melt  adhesive  connectors  is  equal  to  epoxy 
connectors. 


CALCULATION  OP  INSTALLED  COST 
HOT  MELT  ADHESIVE;  MANUAL  POLISH;  «2. 5/125  CLASS  PJBEH; 

TIME-RANGE  TIME  TIME 


■PAST*  TIMES 


* 

TASK  NAME 

PAST 

SLOW 

TASK 

ELAPSED 

srrup 

START 

0.00 

0.0 

—  UNIT  COSTS  — 

SETUP 

PREPARE  WORK  SITE 

3.0 

6.0 

3.00 

3.0 

CONNECTOR 

$6.93 

SETUP 

PREP:  HEAT  OVEN 

5.0 

7.0 

5.00 

8.0 

SUPPLIES 

$0.30 

SETUP 

PREP:  LAY  OUT  TOOLS 

2.0 

4.0 

2.00 

10.0 

TOOL  KIT 

$1,150 

SETUP 

PREP:  OPEN  CABLE  SHEATH 

2.0 

10.0 

2.00 

12.0 

KIT  LIFE 

5.000 

SETUP 

PREP:  MIX  S  LOAD  EPOXY 

nm 

n« 

0.00 

12.0 

LABOR/ HR 

$30.00 

SETUP 

PREP:  SIMULTANEOUS  TASKS 

-4.00 

8.0 

SETUP 

PREPARATION  COMPLETED 

8.0 

—  TOTAL 

COSTS  - 

SETUP 

TOTAL 

8.0 

SUPPLIES 

$0.60 

1 

START 

8.00 

8.0 

CONNECTOR 

$13.86 

1 

PREP:  PUT  CONN  IN  OVEN 

0.3 

0.6 

0.30 

8.3 

TOOL  KIT 

$0.46 

1 

PREPARE  FIBER 

1.2 

2.4 

1.17 

9.5 

LABOR 

$14.44 

1 

PREP;  PAUSE  FOR  MELTING 

0.00 

9.5 

1 

PREP:  INSERT  FIBER 

0.3 

0.5 

0.25 

9.7 

TOTAL 

$29.36 

1 

PREPARATION  COMPLETED 

9.7 

1 

COOL 

3.0 

4.0 

3.00 

12.7 

AVC  COST 

$14.68 

1 

WAIT  FOR  POLISHING 

0.00 

12.7 

1 

POL;  CLEAVE  &  INSPECT 

0.5 

1.0 

0.50 

13.2 

1 

POLISH:  COARSE 

0.5 

1.0 

0.50 

13.7 

1 

POL:  CLEAN  &  INSPECT 

0.2 

0.3 

0.17 

13.9 

1 

POLISH:  FINE 

1.3 

1.7 

1.33 

15.2 

1 

POL:  CLEAN  &  INSPECT 

0.3 

0.7 

0.33 

15.6 

1 

POL:  FINAL  CHECK 

0.3 

0.5 

0.25 

15.8 

1 

POLISHING  COMPLETED 

15.8 

1 

TOTAL 

7.80 

2 

START 

9.72 

9.7 

2 

PREP:  PUT  CONN  IN  OVD< 

0.30 

10.0 

2 

PREPARE  FIBOl 

1.17 

11.2 

2 

PREP:  PAUSE  FOR  MELTING 

0.00 

11.2 

2 

PREP:  INSERT  FIBER 

0.25 

11.4 

2 

PREPARATION  COMPLETED 

11.4 

2 

COOL 

3.00 

14.4 

2 

WAIT  FOR  PREV  CONNECTOR 

1.37 

15.6 

2 

POL:  CLEAVE  k  INSPECT 

o.so 

16.3 

2 

POLISH:  COARSE 

0.50 

16.8 

2 

POL:  CLEAN  1  INSPECT 

0.17 

17.0 

2 

POLISH:  FINE 

1.33 

18.3 

2 

POL;  CLEAN  6  INSPECT 

0.33 

18.6 

2 

POL;  FINAL  CHECK 

0.25 

18.9 

2 

POLISHING  COMPLETED 

18.9 

2 

TOTAL 

9.17 

PACKUPSTART 

18.88 

18.9 

PACKUPPREP:  COOL  OFF  OVEN 

5.0 

7.0 

5.00 

23.9 

PACKUPPREP:  PUT  TOOLS  IN  KIT 

2.0 

4.0 

2.00 

25.9 

PACKUPPREP:  CLEAN  WORK  SITE 

3.0 

6.0 

3.00 

28.9 

EXHIBIT  2 
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CALCUIATZON  OP  INSTAZXED  COST 

CRIMP  «  CLEAVZ  TECS  CONNECTOR;  200/230  TECS  FIBER;  "PAST*  TIMES 


TIKE- 

■RANGE 

TIME 

TIME 

f  TASK  HAKE 

PAST 

SLOW 

TASK 

ELAPSED 

SETUP  START 

0.00 

0.0 

-  UNIT  COSTS  - 

SETUP  PREPARE  WORK  SITE 

1.0 

2.0 

1.00 

1.0 

CONNECTOR 

SETUP  PREP:  HEAT  OVEN 

na 

na 

0.00 

1.0 

SETUP  PREP:  LAY  OUT  TOOLS 

1.0 

2.0 

1.00 

2.0 

TOOL  KIT 

SETUP  PREP:  OPEN  CABLE  SHEATH 

2.0 

4.0 

2.00 

4.0 

SETUP  PREP:  MIX  «  LOAD  EPOXY 

na 

na 

0.00 

4.0 

LABOR/HR 

SETUP  PREP:  SIMULTANEOUS  TASKS 

0.00 

4.0 

SETUP  PREPARATION  COMPLETED 

4.0 

-  TOTAL  COSTS  - 

SETUP  TOTAL 

4.0 

SUPPLIES 

$1.08 

4.00 

4.0 

CONNECTOR 

1  PREPARE  CONNECTOR 

0.3 

0.6 

0.30 

4.3 

TOOL  KIT 

1  PREPARE  FIBER 

1.2 

2.4 

1.17 

s.s 

LABOR 

$5.72 

1  PREP:  FILL  CONN  4  CRIMP 

1.0 

2.0 

1.00 

6.5 

1  PREPARATION  COMPLETED 

1  PAUSE  FOR  OVEN 

0.00 

1  CURE;  PUT  IN  OVEN 

na 

na 

0.00 

6.5 

AVG  COST 

1  CURE  EPOXY 

na 

na 

0.00 

6.5 

1  COOL 

na 

na 

0.00 

6.5 

1  WAIT  FOR  POLISHING 

na 

na 

1  POL:  CLEAVE  4  INSPECT 

na 

na 

0.00 

1  POLISH:  COARSE 

na 

na 

0.00 

6.5 

1  POL:  CLEAN  4  INSPECT 

na 

na 

0.00 

1  POLISH:  FINE 

na 

na 

0.00 

6.5 

1  POL:  CLEAN  4  INSPECT 

na 

na 

0.00 

1  POL:  FINAL  CHECK 

0.3 

0.5 

0.25 

6.7 

1  POLISHING  COMPLETED 

6.7 

1  TOTAL 

2-7 

2  START 

6.72 

6.7 

2  PREPARE  CONNECTOR 

0.30 

7.0 

2  PREPARE  FIBER 

1.17 

2  PREP:  FILL  CONN  4  CRIMP 

1.00 

2  PREPARATION  COMPLETED 

2  PAUSE  FOR  OVEN 

0.00 

2  CURE:  PUT  IN  OVEN 

2  aniE  EPOXY 

0.00 

2  COOL 

0.00 

9.2 

2  WAIT  FOR  POLISHING 

2  POL:  CLEAVE  4  INSPECT 

0.00 

2  POLISH:  COARSE 

2  POL:  CLEAN  4  INSPECT 

0.00 

2  POLISH:  FINE 

0.00 

2  POL:  CLEAN  4  INSPECT 

2  POL:  FINAL  CHECK 

0.25 

2  POLISHING  COMPLETED 

2  TOTAL 

2.7 

PACKUPSTART 

PACKUPPREP:  COOL  OFF  OVEN 

na 

PACKUPPREP;  PUT  TOOLS  IN  KIT 

1.0 

2.0 

1.00 

PACKUPPREP:  CLEAN  WORK  SITE 

1.0 

2.0 

PACKUPPREPARATION  COMPLETED 

11.4 

EXHIBIT  3 


Recently  there  have  been  introductions  of  crimp  and 
cleave  connectors  for  62.5/125  fiber.  But  concerns  about 
higher  insertion  loss  and  lower  durability  have  limited  their 
acceptance. 

CONCLUSION 

It  has  been  shown  that  it  is  possible  to  estimate  the 
installed  cost  of  fiber  optic  cormectors  in  a  systematic  way, 
using  a  simple  spreadsheet  model.  The  installed  cost  is 
greatly  affected  by  labor  costs.  But  installed  costs  of 
$22.59  to  $59.80  for  epoxy  connectors  when  installed  two 
at  a  time  are  a  substantial  barrier  to  fiber  networks 
penetrating  to  the  home  and  the  desktop.  Faster  curing 
adhesives  have  reduced  these  costs  by  35%  to  42%. 
Larger  fibers  lend  themselves  to  simple,  crimp  and  cleave 
connectors,  which  leads  to  further  reductions. 


CONNECTOR  INSTALLATION  -  62.5/125  FIBER 
Hot  Melt  Adhesive;  Manual  Polish 


Minutes 

JO  I - — 


#  Connectors  Installed  at  One  Sitting 


PREP  4  MELT  OM)  COOL  POLISH 


HGURE  4 

All  of  the  above  discussion  has  used  the  common  62.5/125 
micron  fiber.  The  degree  of  difficulty  in  installing 
connectors  is  directly  related  to  the  size  of  the  fiber. 
Scratches  from  the  abrasive  polishing  paper  affect  small 
core  fibers  much  more  than  large  core  fibers.  Small 
cladding  and  coating  of  fibers  makes  them  harder  to 
handle  and  take  more  time  during  installation.  In  general, 
large  fiber  sizes  lead  to  lower  installation  costs. 

Crimp  and  cleave  installation  practices  for  200/230  micron 
fibers  have  been  commonly  used  in  factory  automation  and 
process  control  applications  for  over  five  years.  They  can 
be  installed  by  an  electrician  using  simple  tools.  There  is 
no  adhesive  to  cure  and  there  is  no  polishing.  Recent  tests 
have  demonstrated  that  this  fiber  has  bandwidth  adequate 
for  FDDI  applications. 

The  model  can  be  used  to  estimate  the  installed  cost  of 
crimp  and  cleave  connectors  too.  The  results  are  shown  in 
Exhibit  3.  Installed  costs  are  21-53%  lower  than  for  epoxy 
connectors,  when  done  two  at  a  time. 


The  model’s  results  for  epoxy  connectors,  hot  melt 
connectors  and  crimp-and-cleave  connectors  are  shown  in 


fable  2. 
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COMPARISON  OF  INSTALLED  CONNECTOR  COSTS 


-  #  CONNECTORS  INSTALLED  AT  ONE  SITTING  - 


2 

4 

8 

12 

EPOXY 

SLOW 

$59.80 

$38.75 

$30.07 

$28.28 

FAST 

$22.59 

$16.90 

$14.18 

$13.77 

DIFF 

$37.21 

$21.85 

$15.89 

$14.51 

HOT  MELT 

SLOW 

$34.87 

$25.37 

$20.75 

$19.20 

FAST 

$14.60 

$12 . 11 

$10.99 

$10.61 

DIFF 

$20.27 

$13.26 

$9.76 

$8.59 

CRIMP  &  CLEAVE 

SLOW 

$28.30 

FAST 

$17.77 

DIFF 

$10.53 

%  IMPROVEMENT  -  1 

HOT  MELT 

OVER  EPOXY 

SLOW 

42 

35 

31 

32 

FAST 

35 

28 

22 

23 

%  IMPROVEMENT  -  ( 

CRIMP  &  CLEAVE  OVER  EPOXY 

SLOW 

53 

FAST 

21 

A  thorough  analysis  is  needed  to  choose  which  path  is 
most  productive  -  large  core  fiber,  refinements  of  crimp 
and  cleave  connectors  for  small  fibers  and/or  further 
decreases  in  adhesive  curing  and  connector  polishing  time. 

1  Clavenna,  Scott,  "Clearing  Up  the  LAN  Cable 
Confusion,”  p  1-9,  FIBER  DATACOMM 
Newsletter,  July  1991,  v4,  #7,  published  by 
Information  Gatekeepers,  Inc,  Boston  MA 

2  Fink,  Robert  L.  and  Trang  Nguyen,  presented  to 
Low  Cost  Fiber  PMD  working  group,  ANSI  X3T9.3 
on  July  17,  1991 


Dr.  Huber  is  Laboratory  Manager  for  the  Private  Network 
Products  Dept  in  the  TelComm  Products  Division  of  3M 
Company.  He  has  been  involved  in  telecommunications 
product  development  for  13  years,  industrial 
communications  for  8  years  and  fiber  optics  for  6  years. 
He  has  been  involved  with  the  development  of  17  new 
products.  He  can  be  reached  at  3M  Company,  PO  Box 
2963,  Bldg  A144-2N-01,  Austin  TX  78769 


TABLE  2 

The  model  described  in  this  paper  is  not  claimed  to  be 
absolute.  As  stated  earlier,  the  installed  cost  of  fiber  optic 
connectors  is  subject  to  many  variables.  A  particular 
person,  using  a  particular  connector,  following  particular 
instructions,  conforming  to  particular  work  rules,  and  other 
factors  may  give  substantially  different  results.  The  results 
from  this  model  cannot  be  taken  as  exact;  they  are 
estimates.  But  it  is  believed  that  the  results  are  accurate 
enough  to  be  a  guide  for  further  product  development. 

FUTURE  WORK 


It  is  clear  from  this  analysis  that  more  progress  must  be 
made  to  further  reduce  the  installed  cost  of  connectors. 
This  is  especially  true  for  installing  connectors  two  at  a 
time,  such  as  at  the  wall  outlet  for  FDDI  workstations.  If 
fiber  to  the  desktop  is  to  be  commonly  available,  the 
installation  and  maintenance  must  be  done  by  people 
available  on  site,  usually  electricians.  The  more  a  fiber 
optic  connector  installation  is  like  a  common  electrical 
connector  installation,  the  faster  fiber  will  be  accepted. 
The  ideal  fiber  optic  connector  would  cost  $1.00  and  be 
installed  in  one  minute  by  an  electrician  using  a  $10.00 
tool  than  can  hang  from  his  belt.  This  would  result  in  an 
installed  cost  of  $1.50  to  $2.00,  depending  on  labor  rate. 
Present  connectors  cost  about  ten  times  this  much,  when 
done  two  at  a  time. 
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FDDI  FINDS  FAT  FIBER 


Rudolph  A.  Montgelas 


Ensign-Bickford  Optics  Company 
Avon.  CT 


At?stract 

Large-core,  200  pm  hard  clad,  step- 
index  optical  fiber  is  proposed  for  use 
in  horizontal  FDDI  links  of  100  meters 
or  less.  This  fiber  has  sufficient 
bandwidth  and  attenuation  properties 
for  cable  runs  from  the  concentrator  to 
the  desktop.  Fat  fibers  offer  superior 
mechanical  and  optical  coupling  prop¬ 
erties  due  to  the  polymer  cladding  and 
large  core.  Transceiver  and  connector 
manufacturers  are  already  designing 
low-cost  components  to  take  advantage 
of  the  improved  optical  coupling  offered 
by  these  fibers.  Fiber  optic  systems 
using  fat  fibers  are  presently  under 
consideration  at  the  FDDI  low-cost 
fiber  ad  hoc  working  group  as  a  low- 
cost  media  alternative  to  62.5/125 
graded-index  based  systems. 


Introduction 

One  of  the  primary  tasks  a  fiber  optics 
system  designer  faces  is  to  select  the 
most  cost-effective  and  reliable  sys¬ 
tem  components  available  on  the  mar¬ 
ket.  There  is  a  myriad  of  fiber,  connec¬ 
tor  and  transceiver  devices  available 
today.  Each  component  provides  dis¬ 
tinct  performance  advantages  depending 
on  the  application.  Emerging  industry 
standards  such  as  ISDN,  SONET  and  FDDI 
can  help  the  designer  target  the 
appropriate  hardware.  Restrictions 
imposed  by  these  standards  can  also 
prevent  an  economical  implementation. 
Recently,  a  large  core,  step-index  "Fat 
Fiber"  has  emerged  which  could  offer 
the  designer  an  effective  alternative 
when  selecting  system  components. 


Traditionally,  the  majority  of  communi¬ 
cation  cables  installed  in  buildings  have 
been  twisted-pair  telephone  cables  and 
shielded  coaxial  CATV  cables.  These 
cables  restrict  the  bandwidth  of  com¬ 
munication  equipment  connected  to  the 
network.  Ethernet  represented  a  signif¬ 
icant  improvement  by  providing  a  10 
Mbps  broadband  transmission  scheme. 
Today,  computer  systems  are  more 
powerful.  CPU  processing  speeds  have 

increased  and  memory  sizes  have 

expanded,  placing  severe  demands  on  a 
network  to  provide  reliable,  fault- 
tolerant  data  transmission.  Fiber  optic 
cables,  with  their  large  signal  carrying 
capacity,  low  signal  loss  and  RFI/EMI 
immunity,  offer  superior  performance 

at  a  reasonable  cost. 

FDDI  Standards 

Fiber  optic  cables  are  now  routinely 
used  for  the  connection  of  computer 
systems  and  peripheral  devices  in 
office  buildings,  campus  environments 
and  factory  floors.  Fiber  networks 
allow  users  to  share  high  data  rate 

resources  such  as  file  servers,  CAD 
mainframes,  and  CD-ROM  databases. 
Consequently,  this  shared  resource 
enhances  computer  workstation  capac¬ 
ity  and  reduces  system  costs.  The  Fiber 
Distributed  Data  Interface  (FDDI),  spon¬ 
sored  by  the  American  National 
Standards  Institute  (ANSI),  was  initi¬ 
ated  to  address  a  need  for  an  interoper¬ 
ability  standard  of  fiber  optic  network, 
hardware  and  communication  protocols. 
It  describes  the  requirements  for 
interoperability  at  data  rates  of  100 
Mbit/s  using  a  dual  token  ring  archi- 


International  Wire  &  Cable  Symposium  Proceedings  1991  853 


tecture.  The  dual  ring  allows  defective 
link  nodes  to  be  bypassed  by  an  optical 
switch  in  the  event  of  a  component 
failure. 

Figure  1  shows  a  simplified  sketch  of 
the  topology  for  an  FDDI  network. 
Concentrator  stations  are  connected 
with  a  counter-rotating  fiber  optic 
backbone.  The  backbone  will  allow 
thousands  of  nodes  to  be  connected  in 
series.  Each  node  on  the  ring  may  be 
located  up  to  two  kilometers  away  from 
the  next  node.  The  application  environ¬ 
ment  at  a  specific  site  generally  dic¬ 
tates  the  type  of  node  used.  For  exam¬ 
ple,  in  a  data  processing  facility,  it  is 
desirable  to  use  dual  attachment  sta¬ 
tions  for  fault  tolerance  and  network 
redundancy.  In  an  office  building,  how¬ 
ever,  many  single  attachment  stations 
might  be  connected  to  each  concentra¬ 
tor  in  a  "star"  topology  with  typical 
cable  lengths  of  less  than  100  meters. 


C«C«ne«ntr«t*r  S-SInfll*  «Ution  O^XmI  st«(ion 

Figure  1  •  Eiarriple  of  an  FOOf  Network 


Table  1  highlights  some  of  the  signifi¬ 
cant  FDDI  standards  under  development 
by  the  various  ANSI  committees. ^  For 
some  sub-layers,  the  effort  has 
extended  to  the  International  Standards 
Organization  (ISO)  for  final  committee 
consensus.  Other  working  groups  are 
also  in  the  process  of  defining  trans¬ 
mission  requirements  which  include 
network  bridging  to  other  transmission 
formats  such  as  SONET  and  ISDN. 


Hard  Polymer  Clad  "Fat  Fiber" 

This  paper  proposes  the  use  of  step- 
index  "Fat  Fiber"  as  a  transmission 
medium  in  the  FDDI  horizontal  cable 
plant.  The  Fat  Fiber  is  composed  of  a 
Hard  polymer-Cladding  and  a  200  pm 
diameter  pure  Silica  core  (HCS®).  The 
proprietary  hard  polymer  cladding  pro¬ 
vides  superior  fiber  strength  as  shown 
in  the  Weibull  plot  in  Figure  2.  The 
ultimate  fiber  breaking  strength  is 
typically  around  800  kpsi.  In  this  plot, 
fibers  were  tested  according  to  TIA 
standard  FOTP-28,  using  a  0.5  meter 
gage  length  and  a  0.9  cm/s  strain  rate. 
As  they  are  drawn,  HCS  fibers  are 
online  proof-tested  to  200  kpsi  as 
opposed  to  the  50  kpsi  proof  test  typi¬ 
cal  for  62.5/125  graded  index  fibers. 
The  static  fatigue  of  the  fiber  is  also 
improved  because,  the  polymer  cladding 
inhibits  the  growth  of  microcracks  in 
the  silica  core  due  to  stress  corrosion 
by  water  molecules  present  at  the  fiber 
surface. 2 


WEIBULL  ANALYSIS 
OF 

HCS  FIBER 
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The  HCS  fiber  core  is  composed  of  pure 
silica  drawn  from  a  low-water  glass 
rod  which  typically  contains  less  than 
or  equal  to  5  ppm  of  -OH  concentration. 
This  type  of  glass  is  used  to  maintain 
low  infrared  spectral  absorption  at 
1300  nm.  Figure  3  is  a  spectral  atten¬ 
uation  plot  for  typical  200  pm  core  HCS 
optical  fiber.  The  fiber  attenuation  is 
approximately  30  dB/km  at  1300  nm. 
This  attenuation  is  sufficient  for  the 
100  meter  horizontal  FDDI  transmission 
length  requirement.  In  fact,  it  is  the 
fiber  modal  dispersion,  not  the  attenua¬ 
tion,  that  restricts  the  maximum  trans¬ 
mission  distance  to  about  120  meters 
at  FDDI  data  rates.  Fortunately,  the 
majority  of  point-to-point  connection 
distances  required  within  an  office 
building  are  typically  less  than  100 
meters. 

TYPICAL  HCS  FIBER 
SPECTRAL  ATTENUATION 


The  bandwidth  of  an  HCS  fiber  is  pre¬ 
dominantly  limited  by  modal  disper¬ 
sion.  Pulse  spreading  in  the  fiber  is 
primarily  caused  by  the  time  delay  dif¬ 
ference  for  the  highest  order  mode  and 
the  lowest  order  mode  to  arrive  at  the 
transceiver  detector.  Also,  the  mate¬ 
rial  dispersion  in  the  fiber  is  essen¬ 
tially  zero  at  the  1300  nm  wavelength. 
Figure  4  shows  a  bandwidth  versus 
distance  plot  for  a  typical  HCS  fiber. 


200  pm  HCS  Fiber  Bandwidth 


100  325  550  775  1000 

FIBER  LENGTH  (METERS) 


Figure  4 

The  HCS  fiber  has  a  measured  bandwidth 
of  about  150  Mhz  for  a  100  meter  length 
using  a  1300  nm  surface  emitting  LED 
with  a  0.28  injection  NA.3  This  is 
sufficient  to  allow  for  the  100  Mbps 
FDDI  data  rate. 

HCS  Cable  Considerations 

The  high  strength  and  static  fatigue 
resistance  of  the  HCS  optical  fiber 
allows  special  cable  constructions  to 
be  considered.  Table  3  shows  a  compar¬ 
ison  between  round  duplex  cables  con¬ 
taining  62.5/125  pm  fibers  and  cables 
containing  200  pm  HCS  fibers.**  Duplex 
HCS  cables  have  been  manufactured 
without  Kevlar®  strength  members 
while  maintaining  the  sufficient  cable 
tensile  strengths  shown.  This  type  of 
cable  has  a  smaller  jacket  diameter, 
reduced  weight  and  improved  flex/bend 
performance. 

The  elimination  of  Kevlar  strength 
member  tie-off  at  the  connector  and  the 
ability  to  utilize  simple  crimp  and 
cleave  connectors,  as  discussed  below, 
offers  the  possibility  of  economical 
mass  production  of  duplex  jumper 
cables  for  the  FDDI  plant.  A  machine 
has  been  constructed  which  will  cleave 
both  of  the  optical  fibers  in  a  duplex 
cable  at  once  during  the  manufacturing 
process.  As  economies  of  scale  evolve, 
the  potential  for  fully  automated  cord 
set  manufacture  could  become  a  reality 
for  standard  as  well  as  coiled  cable 
assemblies. 
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Crimp  and  Cleave  Connectors 


ST*  Crimp  and  Cleave  Connector 


One  of  the  most  significant  advantages 
that  an  HCS  fiber  offers  the  system 
installer  is  the  ability  to  apply  low- 
cost  crimp  and  cleave  connectors  with¬ 
out  the  need  for  epoxies  and  polishing  in 
the  field.  The  fiber's  high  strength  and 
static  fatigue  resistance  provide  reli¬ 
able  and  repeatable  connections.  The 
high  core-to-clad  ratio  of  the  fiber  also 
reduces  the  need  for  precision  ferrules 
and  high  tolerance  connector  compo¬ 
nents.  This  allows  for  the  manufacture 
of  a  low-cost  connector  as  well  as  a 
reduction  in  transceiver  costs.  Field 
assembly  simplicity  means  that  crimp 
and  cleave  connectors  can  be  installed 
on  a  cable  in  less  than  three  minutes. 
This  is  about  one-fourth  the  time  it 
takes  to  glue  and  grind  a  typical 
epoxy/polish  connector. 


Crimp  and  Cleave  Attributes 


•  Field  installable  in  3  minutes  or  less 

•  Cost-ellective,  substantially  less  than 
installed  epoxy/polish 

•  High  tensile  strength  -  HCS*  fiber  permits 
crimping  directly  onto  the  hard  cladding 

•  Static  fatigue  resistant 

•  Easy  to  assemble-no  epoxy  or  other 
consumables  required 

•  Reduced  labor  cost-no  grinding  or  polishing 

•  Automated  factory  assembly  also  available 


Cleaving  Process 


A  metallic  alloy  sleeve  is  located 
inside  the  backshell  of  the  crimp  and 
cleave  connector  body  shown  in  figure 
5.  This  sleeve  is  designed  with  the 
proper  mechanical  creep  and  material 
flow  properties.  When  the  backshell  is 
crimped,  the  sleeve  will  form  around 
the  surface  of  the  fiber  cladding,  thus 
securing  it  in  the  ferrule  assembly. 
(Fiber  retention  forces  have  been 
measured  at  5  lb.  nominal.)  The  ferrule 
assembly  is  then  inserted  in  a  cleave 
tool  which  imparts  a  specific  tensile 
force  sufficient  to  elongate  the  fiber 
prior  to  cleaving.  A  diamond  cleave 
blade  scribes  the  glass  fiber,  causing  a 
controlled  crack  to  propagate  perpen¬ 
dicular  to  the  fiber  axis.  The  end  of  the 
cleaved  fiber  then  retracts  into  the 
ferrule  assembly,  providing  protection 
to  its  mirrored  surface  finish.  Cleave 
angles  for  200  pm  HCS  fiber  connectors 
are  typically  around  2.5  degrees  with 
average  losses  of  1  dB  per  mated  pair. 


Fiber  *Stretch‘ 


Crimp 


Diamond  Blade 


Fiber  •Relrads" 


Average  Recession;  8,55  pm 
Standard  Deviation:  3.22  urn 


Figure  5 

FDDI  Fat-fiber  Link  Models 


A  model  of  the  cable  plant  is  shown  in 
figure  6.  In  this  model,  a  duplex  fiber 
optic  jumper  is  connected  from  the 
desktop  terminal  equipment  (such  as  a 
terminal  or  printer)  to  an  FDDI  duplex 
wall  outlet  plate.  The  terminal  equip¬ 
ment  contains  a  fiber  optic  transceiver 
specifically  designed  to  couple  the 
optical  signal  efficiently  into  the  200 
pm  HCS  fiber.  Inside  the  wall  outlet,  a 
duplex  cable  is  run  through  the  wall  and 
connected  to  a  patch  panel  in  a  wiring 
closet.  The  patch  panel  allows  the 
flexibility  of  reassigning  the  specific 
wall  outlet  plate  locations  when  an 
office  is  reconfigured.  A  second  duplex 
fiber  optic  jumper  is  connected  from 
the  patch  panel  to  the  optical  trans¬ 
ceiver  at  the  concentrator  node. 
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r<guro  6  -  FDOl  Horizontal  Wiring  Model 


The  FDDI  specification  allows  for  inter¬ 
operability  between  system  components 
at  the  physical  medium  dependent  layer. 
Graded  index,  62.5/125  pm  fiber  is  cho¬ 
sen  as  the  standard  with  allowance  for 
50/125,  85/125  and  100/140  pm 

graded  index  fibers.  The  use  of  these 
fibers  is  outlined  in  Annex  C  of  the 
ANSI  PMD  X3.1 66-1 990  specification. 
When  mixing  of  fiber  media  is  neces¬ 
sary,  connections  from  a  fiber  of  larger 
core  diameter  to  one  of  a  smaller 
diameter  may  cause  significant  optical 
signal  losses.  It  is  important,  there¬ 
fore,  for  the  system  designer  to  con¬ 
sider  all  the  losses  encountered  in  a 
point-to-point  link  through  the  use  of 
an  optical  loss  budget. 

Table  4  shows  a  proposed  cost  and 
power  budget  matrix  for  four  simplex 
transmission  media  models  used  in  the 
FDDI  horizontal  wiring  model  shown  in 
Figure  6.  Models  A  and  B  are  for  the  use 
of  single  media  and  models  C  and  D 
allow  for  mixing  of  the  media  from  the 
concentrator  to  the  computer.  Model  C, 
for  example,  proposes  the  use  of 
62.5/125  pm  fiber  from  the  concentra¬ 
tor  to  the  wall  plate  where  a  200  pm 
HCS  jumper  connects  to  the  computer. 
Model  D  proposes  using  200  pm  HCS 
from  the  transmitter  at  the  concentra¬ 
tor  to  the  wall  plate  where  a  62.5/125 
pm  jumper  is  used  to  connect  to  the 
optical  receiver  in  the  computer. 


The  assumptions  used  in  preparation  of 
the  proposed  models  are  listed  at  the 
bottom  of  the  matrix.  Each  column  pro¬ 
vides  a  cost  estimate  for  a  particular 
system  component  as  well  as  the  com¬ 
ponent  installation  cost.  These  costs 
are  estimated  based  on  industry  market 
studies. 5  Below  the  total  cost  in  each 
column  is  a  running  tabulation  of  the 
optical  link  power  at  that  component  (in 
dBm  units).  This  is  listed  from  left  to 
right,  showing  the  coupled  power  at  the 
transmitter  in  the  concentrator  to  the 
received  power  at  the  computer  node. 
The  tar  right  hand  column  shows  the 
total  component  costs  and  the  total 
received  optical  power.  A  factor  for 
the  cost  per  microwatt  of  received 
optical  power  is  computed  on  each 
model  at  the  bottom.  The  lowest  $/pW 
factor  is  about  $21  for  model  B  which 
employs  all  200  pm  HCS  fiber  in  the 
link.  This  is  followed  by  the  mixed 
media  model  C  using  62.5/125  fiber 
installed  in  the  wall  and  a  200  pm  HCS 
jumper  at  the  computer.  A  system 
using  all  200  pm  HCS  fiber  is  roughly 
half  the  cost  per  microwatt  of  the 
system  using  all  62.5/125  pm  fiber. 

Summary  &  Conclusions 

Hard  clad  silica  fat  fiber  has  been  pro¬ 
posed  as  an  economical  solution  for 
short  distance  links  in  the  horizontal 
FDDI  wiring  loop  and  is  already  included 
as  a  part  of  an  I  EC  fiber  optic  standard. 
The  high  strength  and  stress  corrosion 
properties  of  the  fiber  allow  field 
installation  of  low-cost  crimp  and 
cleave  connectors.  The  optical  coupling 
provided  by  fat  fiber  relaxes  the  con¬ 
nector  tolerances  required  at  the 
transceiver  and  patch  panel,  thereby 
further  reducing  system  costs.  An 
analysis  indicates  the  potential  reduc¬ 
tion  of  overall  media  component  costs 
to  half  that  of  a  62.5/125  graded-index 
fiber  system. 
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Fiber  optic  manufacturers  are  already 
producing  optoelectronic  devices  for 
use  with  HCS  fat  fiber  installed  not 
only  in  office  buildings,  but  also  in  the 
harsh  environments  of  power  plants  and 
factory  floors.  Future  developments  for 
fat  fiber  in  FDDI  networks  will  depend 
on  the  economies  of  scale  for  optical 
transceivers  and  connectors  which  uti¬ 
lize  the  HCS  advantages  as  well  as  the 
driving  forces  of  the  FDDI  user  com¬ 
munity.  A  network  using  fat  fiber  from 
the  concentrator  to  the  desktop  pro¬ 
poses  to  be  the  most  viable  solution  to 
FDDI  communication. 
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Table  4 


FDOI  OPTICAL  COST/POWER  BUDGET  MODELS 


Fiber  Type: 

Cost  ($) 

Install  Cost  ($) 
Total  cost  ($) 
Power  (dBm) 

62.5  ^im  62.5  urn 

Concentrator 
XCVR  Connector 

$150.00  $15.00 

$10.00 

$150.00  $25.00 

Coupled  Power  -16.0 

62.5  pm 

50m  cable 
$60.00 
$75.00 
$135.00 
•16.0 

Single  Media  •  Model  A 
62.5  pm  62.5  pm 

Patch  Pane) 

Conr>ectors  50m  cable 

$25.00  $60.00 

$14.00  $75.00 

$39.00  $135.00 

-16.5  -16.6 

62.5  pm  62.5  pm 

Wall  Plate 

Conr>ector  Jumper 

$15.00  $50.00 

$10.00 

$25.00  $50.00 

-17.1  -17.6 

62.5  pm 

CPU 

XCVR 

$150.00 

$150.00 

-17.6 

Cosl/pW= 

Totals 

$525.00 

$184.00 

$709.00 

-17.6 

$40.80 

Single  Media 

'  Model  B 

Fiber  Type: 

200  )jm 

200  pm 

200  pm 

200  pm 

200  pm 

200  jun 

200  urn 

200  pm 

Concentrator 

Patch  Partel 

Wail  Plate 

CPU 

Totals 

XCVR 

Connector 

50m  cable 

Connectors 

50m  cable 

Connector 

Jumper 

XCVR 

Cost  ($) 

$85.00 

$10.00 

$60.00 

$25.00 

$60.00 

$10.00 

$30.00 

$85.00 

$365.00 

Install  Cost  ($) 

$4.00 

$75.00 

$14.00 

$75.00 

$4.00 

$172.00 

Total  cost  ($) 

$85.00 

$14.00 

$135.00 

$39.00 

$135.00 

$14.00 

$30.00 

$85.00 

$537.00 

Power  (dBm) 

Coupled  Power 

-10.0 

-11.5 

12.5 

14.0 

-15.0 

-16.0 

-16.0 

-16.0 

C05t/pW= 

$21.38 

Mixed  Media 

-  Model  C 

Fiber  Type: 

62.5  pm 

62.5  pm 

62.5  pm 

62.5  pm 

62.5  pm 

62.5  pm 

200  pm 

200  pm 

Concentrator 

Patch 

Partel 

Wail  Plate 

CPU 

Totals 

XCVR 

Conr>ector 

50m  cable 

Connectors 

50m  cable 

Connector 

Jumper 

XCVR 

Cost  ($) 

$150.00 

$15.00 

$60.00 

$25.00 

$60.00 

$15.00 

$30.00 

$85.00 

$440.00 

Install  Cost  ($) 

$10.00 

$75.00 

$14.00 

$75.00 

$10.00 

$184.00 

Total  cost  ($) 

$150.00 

$25.00 

$135.00 

$39.00 

$135.00 

$25.00 

$30.00 

$85.00 

$624.00 

Power  (dBm) 

Coupled  Power 

-16.0 

-16.0 

■16.5 

-16.5  i 

-17.0 

•17.5 

-17.5 

-17.5 

COSVpWa 

$35.09 

Mixed  Media 

•  Model  D 

Fiber  Type; 

200  tun 

200  tun 

200  pm 

200  pm 

62.5  pm 

62.5  pm 

62.5  pm 

62.5  pm 

Concentrator 

Patch 

Panel 

Wall  Plate 

CPU 

Totals 

XCVR 

Connector 

50m  cable 

Connectors 

50m  cable 

Connector 

Jumper 

XCVR 

Cost  ($) 

$85.00 

$10.00 

$60.00 

$25.00 

$60.00 

$15.00 

$50.00 

$150.00 

$455,00 

Install  Cost  ($) 

$4.00 

$75.00 

$14.00 

$75.00 

$10.00 

$178.00 

Total  cost  ($) 

$85.00 

$14.00 

$135.00 

$39.00 

$135.00 

$25.00 

$50.00 

$150.00 

$633.00 

Power  (dBm) 

Coupled  Power 

-10.0 

•11.5 

-21.5 

■21.5 

•22.0 

■22.5 

-22.5 

■22.5 

COSt/pWs 

$112.57 

ASSUMPTIONS; 


62.5  pm  fiber* 

0.52  dB/km  <§)1300nm 

Cost  to  install  waMplate  Is  the  same  for 

both  fibers 

200  pm  fiber* 

30  dB/km  @1300nm 

Cat^e  cost  to  install  for  both  fiber  types* 

$1.50 

62.5  pm  connection  loss* 

0.5  dB 

Cable  cost  for  both  fiber  types 

$1,20 

200  pm  connection  loss* 

1  dB 

5  meter  62.5  pm  factory  terminated  jumper= 

$50.00 

200  pm  to  62.5  pm  connection  loss 

10  dB 

5  meter  200  pm  factory  terminated  jumper* 

$30.00 

62.5  pm  to  200  pm  connection  loss 

0,4  dB 
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Table  1.  ANSI  FDDI  802.5  Token  Ring  Standards 


OSI  Layer 

Sub-Layer 

Description 

ANSI  Standard 
(ISO  Standard) 

Network 

SMT 

(Station  Management  Control) 

Station  Control 

Fault  Isolation/Recovery 

Future  ISO/IEC 
Standard 

Data  Link 

MAC 

(Media  Access  Control) 

Addressing 

Data  Checking/Framing 

X3. 139-1987 

Physicai 

PHY 

(Physical  Layer  Protocol) 

Data  Encoding/Decoding 
Framing/  Clocking 

X3. 148-1988 

Physical 

PMD 

(Physical  Medium  Dependent) 

Media  Hardware:  Cable 
Connectors,  Xcvrs 
Jitter  Specifications 

X3. 166-1990 

Table  2.  Extensions  to 

FDDI  Standards  Development 

Physical 

SMF  PMD 

(Singlemode  Fiber) 

Singlemode  Hardware 
(<60km  distance) 

BSR-  X3.184-19XX 
(DP-9314-4) 

Data  Link 

(Hybrid  Ring  Control) 

Isochronous  Data 
Transmission 

BSR  -X3.186 
(DP-9314-5) 

Physical 

LCF 

(Low-cost  Fiber) 

Relaxed  tolerance  62.5 
200  urn  Hard-Clad  Silica 
(<100  meters  distance) 

Future  ISO/IEC 
Standard 

Table  3  CABLE  COMPARISON 

Fiber  Diameter  (pm) 

200/230/500 

62.5/1  25/500/900 

Cable  Design 

2  channel  round 

2  channel  round 

Jacket  Diameter  (mm) 

3.0  ±  0.2 

4.75  ±  0.25 

Strength  Member 

none 

Kevlar® 

Tensile  (N) 

50 

200 

Break  Strength  (kg) 

40 

1  50 

Minimum  Bend  Radius  (mm) 

1  5 

5  0 

Flex  (cycles) 

>10,000 

5,000 

Weight  (kg/km) 

7 

1  8 

Kevlar  is  a  registered  trademark  of  AT&T 
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Comparison  of  Twisted  Wire  Pair  and  Optical  Fibers  for  FDDI 


David  A.  Krohn 


3M  Specialty  Optical  Fibers 


ABSTRACT 

While  it  is  anticipated  that  the  FDDI  backbone  will  use 
62.5/125/im  graded-index  optical  fiber  as  the  transmission 
medium,  other  portions  of  the  network  are  under 
consideration  with  other  media  choices.  The  peripheral 
(horizontal)  parts  of  the  network  will  require  100  MHz 
bandwidth  over  only  100  meters.  The  broad  use  of 
62.5/1 25/im  graded-index  fiber  is  currently  too  expensive 
in  the  high  connector  density  peripheral  network  areas. 
Therefore,  two  logical  choices  arise:  The  first,  copper 
twisted  wire  pair;  and  the  second,  200/230Aim  step-index 
fiber. 

This  paper  will  outline  FDDI  media  requirements. 
Twisted  wire  pair  will  be  compared  with  62.5/1 25^im 
graded  index  fiber  and  200/230|tm  step-index  fiber.  The 
attenuation,  bandwidth,  and  delivered  power  of  the 
various  media  choices  will  be  compared  with  FDDI  needs. 
Also,  the  cost  of  cable,  connectorization,  and  transceivers 
will  be  compared.  This  analysis  will  provide  the  potential 
user  with  performance/cost  trade-offs  needed  in  system 
design. 

INTRODUCTION 

There  is  a  growing  need  for  high-speed  data 
communications  networks.  The  Fiber  Distributed  Data 
Interface  (FDDI)  will  increase  data  speeds  significantly 
above  present  data  networks.  While  it  is  anticipated  that 
the  FDDI  backbone  will  use  62.5/1 25/xm  graded-index 
optical  fiber  as  the  transmission  medium,  other  portions 
of  the  network  arc  under  consideration  with  other  media 
choices.  The  FDDI  backbone  will  be  required  to  function 
at  100  MHz  over  a  2  km  distance.  The  horizontal 
(concentrator  to  workstation)  portions  of  the  network  will 
require  a  bandwidth  of  100  MHz  over  only  100  meters. 
In  fact,  the  majority  of  the  horizontal  wiring  applications 
will  be  50  meters  or  less.  Presently  the  broad  use  of 
62.5/1 25/zm  fiber  is  limited  because  the  cost  of  installing 
such  a  fiber  system  is  high  compared  to  conventional 
copper  wire  approaches. 


Two  logical  media  alternatives  for  reducing  cost  arise: 
The  first,  copper  twisted  wire  pair;  and  the  second, 
200/230/xm  step-index  fiber.  Twisted  wire  pair  has  some 
distinct  advantages.  The  cost  of  cable,  connectors,  and 
connector  installation  is  low  if  unshielded  cable  is  used. 
Connector  installation  is  straightforward  with  no  special 
tools  required.  The  cost  of  transceivers  is  low  compared 
to  those  required  for  fiber.  Also,  there  is  a  large  installed 
base  of  unshielded  twisted  wire  pair  cable.  The 
disadvantages  of  twisted  wire  pair  copper  cable  are  that 
bandwidth  and  attenuation  limits  transmission  to  a 
maximum  of  100  meters.  Unshielded  copper  twisted  wire 
pair  has  the  potential  to  be  very  noisy.  Sophisticated 
transceiver  designs  will  be  required  to  eliminate  the  noise 
problem.  The  use  of  shielded  twisted  wire  pair  cable  will 
minimize  the  noise,  but  increase  cable  cost  as  well  as 
connectorization  costs. 

Step-index  200/230/u.m  fiber  is  a  low-cost  fiber  approach. 
The  bandwidth  and  Joss  characteristics  are  adequate  to 
function  up  to  about  125  meters.  Compared  to 
62.5/1 25/tm  fiber,  large  200/230pm  fiber  is  easier  to 
terminate  with  a  simple  crimp-and-cleave  technique. 
Epoxy  and  polishing  steps  usually  associated  with  fiber 
termination  are  eliminated.  The  result  is  that  large  fibers 
provide  a  less  costly,  user-friendly  termination  scheme  due 
to  relaxed  tolerances  and  the  fact  that  they  are  easier  to 
handle.  Large-core  200/230/im  fibers  can  deliver  up  to 
800%  more  power  than  62.5/1 25/u.m  fibers  with  significant 
potential  cost  reduction  in  transceivers  due  to  simplified 
electro-optic  designs  with  greatly  reduced  alignment 
requirements. 

MEDIA  COMPARLSON  (COSTl 

Figure  1  shows  a  model  configuration  of  the  horizontal 
wiring  in  an  FDDI  network.  The  typical  system  will  use 
factory  fabricated  patch  cords  for  workstation-lo-wallplate 
and  concentrator-io-patch  panel  interconnects.  The  cable 
link  between  the  patch  panel  and  wall  will  use  field- 
installed  connectors.  A  cost  analysis  is  shown  in  Table  1. 
It  is  clear  that  2(X)/230/im  fiber  provides  for  a  significant 
cost  saving  over  62.5/1 25/j,m  fiber.  The  twisted  wire  pair 
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Figure  1  -  FDDI  Model 
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TABLE  1  •  Media  Comparison  Cost  Analysis 


62.5/125 

200/130 

Twisted 

(Shield 

Pair 

eiL _ 

Twisted  Pair  || 
(Unshieldedl  l‘ 

Unit 

Unit 

Unit 

1^1 

Unit 

1^1 

Transceivers  f21  (ISOOnml 

urai 

BIS 

$15 

iBI 

■sml 

■i  iilH'll 

15 

30 

10 

20 

4.50 

9 

1 

2 

Patch  Cord  121 

57 

114 

35 

70 

28 

54 

13 

26 

Couoler  ('ll 

10 

10 

4 

4 

3 

3 

2 

2 

WallDlate  fll 

24 

24 

24 

24 

10 

10 

10 

Cable,  90  m 

1.20/m 

108 

1.20/m 

108 

0.70/m 

63 

0.40/m 

36 

Total  Component  Cost 

$376 

$169 

$126 

1  Installation  Cost 

IConnector  Installation  (4) 

(per  endl 

9.25 

37 

3.75 

15 

7.50 

3.75 

jU 

IKSH 

HRSH 

m 

[Oble  Installation 

1 .50/m 

135 

1 .50/m 

1.35 

1.50/m 

1.35 

1 .50/m 

1.35  1 

(Total  Installation  Cost 

$192 

$170  1 

OESi 

$170 

1  Total  Cost  1 

Total  Installed  System 

$778  1 

$546  1 

$296  1 

Relative  System  Cost 

100%  II 

70%  II 

i?Bl 

38%  1 
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approach  is  the  least  expensive  media  choice.  However, 
it  is  estimated  that  fiber  system  implementation  will 
drastically  reduce  costs  in  the  future  hy  as  much  as  30%, 
while  copper  cable  installation,  being  a  mature  technology, 
will  not  drop  further.  As  a  result,  fiber  optic  media  based 
systems  will  become  much  more  attractive  from  a  cost 
standpoint.  The  200/2.3()^m  fiber  media  approach  will 
actually  become  cost  competitive  with  shielded  twisted 
wire  pair. 

Another  often  overlooked  cost  consider? ’ion  is  the 
distinction  between  an  experienced  installatioii  crew  that 
initially  installs  an  FDDI  network  and  less  skilled 
maintenance  personnel  that  might  do  system 
reconfiguration  and  maintenance.  The  user-friendly 
nature  of  putting  connectors  on  200/230/xm  fiber  can 
make  system  reconfiguration  costs  drop  to  50%  of  the 
value  when  62.5/1 25/Lim  fiber  is  the  media. 

MEDIA  COMPARISON  fPHYSlCAL  PROPERTILS) 

Table  2  compares  the  physical  properties  of  the  various 
media  under  consideration.  Twisted  wire  pair  cable  has 
attenuations  which  are  significantly  higher  than  fiber. 
Also,  the  bandwidth  will  restrict  system  links  to  100 
meters  or  less  with  little  likelihood  of  future  system 
expansion.  Any  copper  system  will  be  subject  to  radio 
frequency  interference  (RFI)  and  electromagnetic 
interference  (EMI).  This  potential  noise  source  is 
especially  a  problem  in  unshielded  cables. 


The  fiber  approach  eliminates  the  RFI  and  EMI  noise 
problems.  The  bandwidth  of  either  the  62.5/1 25^m  fiber 
or  200/230/im  fiber  will  not  limit  current  100  MHz 
requirements  at  100  meters.  Obviously  the  very  high 
bandwidth  of  62.5/125  fiber  will  allow  for  significant 
system  expansion. 

The  FDDI  systems  are  required  ti  work  at  an  operating 
wavelength  of  1300nm  when  fiber  is  the  transmission 
medium.  At  the  1(K)  meter  requirement,  the  loss  of  the 
large  fiber  is  about  1.6  dB,  which  does  not  represent  a 
serious  power  budget  limitation.  The  bandwidth  limits  the 
200/230/im  fiber  to  operating  distances  of  about  125 
meters  when  the  light  source  is  a  surface  emitting  LED. 
Laser  diode  sources  allow  5(X)-mcter  operation.  The 
62.5/125^im  fiber  has  adequate  bandwidth  and  attenuation 
properties  to  function  at  2  km  and  beyond. 

The  primary  requirement  for  a  user-friendly  system  is  the 
ease  with  which  a  connector  can  be  instal'ed.  The  larger 
200/230/xm  fiber  with  a  significantly  higher  numerical 
aperture  delivers  nearly  800%  more  power  than  the 
62.5/1 25^m  fiber.  The  enhanced  light  coupling  efficiency 
of  the  larger  fiber  allows  tolerances  of  connectorization  to 
be  relaxed  and  the  termination  procedure  simplified.The 
simplified  crimp-and-cleavc  termination  eliminates  the 
epoxy  application  and  cure  cycles  as  well  as  polishing 
required  for  the  smaller  fiber.  The  crimp-and-cleave  fiber 
connector  approximates  the  simple  termination  of  an 
unshielded  twisted  wire  pair  cable. 


TABLE  2  -  Media  Comparison'*-^' 


62.5/125 

200/230 

■rsMESin 

Attenuation 

850nm 

3dB/km 

5dB/km 

>50dB/km 

>50dB/km 

1300nm 

IdB/km 

16dB/km 

Numerical  Aperture 

0.275 

0.37 

- 

- 

Bandwidth 

850nm 

160-2tK)  MHz-km 

IMI  Miiz(it<t)n,; 

HH)  MHz(SOm) 

100  MHz(lOOm) 

13(K)nm 

2(XM(K)0  MHz-kn- 

I50-4(K)  MHzli(X)m) 

Source  Width 

Fiber  Window 

Open 

I220-I340nm 

-- 

Delivered  Power 

100% 

773% 

- 

- 

2.1  -  4.1  X  lO’nt/m* 

4.8  -  5.5  X  lO-nFm-’ 

Static  Fatigue  (n) 

22 

26 

- 

- 

Min.  Bend  Dia. 

12.7mm 

12.7mm 

- 

- 

1 

1  12.7nim  Bend  Dia. 

0.5db 

OdB 

1 

to  62.5/125 

-0.2dB 

-ll.5dB 

-- 

- 

to  200/230 

-O.ldB 

-0.2dB 

- 

- 
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TTie  iniermateabilily  loss  in  Table  2  is  the  attenuation 
penalty  associated  with  mixing  media.  There  is  sufficient 
power  available  that  a  mixed  media  interface  can  be 
accommodated;  but  to  fully  realize  the  advantages  of  large 
fiber,  mixed  media  should  be  avoided  in  any  particular 
media  link. 

The  200/230/im  fiber,  which  is  coated  with  a  hard 
fluoropolymer  material,  has  mechanical  advantages  over 
the  62.5/l25fim  fiber.  The  larger  fiber  is  stronger,  less 
susceptible  to  static  fatigue  and  microbending  loss.  The 
result  is  the  potential  to  use  a  simpler,  less  expensive 
cable  construction. 


CONCLUSION 


Full  system  performance  out  to  2  km  can  only  be 
achieved  with  62.5/1 25^m  fiber.  The  high  delivered 
power  makes  200/230p,m  fiber  easier  to  implement  for 
applications  Ic.ss  than  ItX)  meters.  The  overall  immunity 
of  fiber  optic  .systems  to  EMI  and  RFI  should  give 
superior  system  performance  compared  to  copper  twisted 
wire  pair  systems  even  when  the  copper  cables  arc 
properly  shielded.  However,  in  the  near  term  twisted  wire 
pair  media  systems  arc  significantly  less  expensive  to 
install.  In  the  longer-term,  fiber  will  become  more  cost 
competitive.  The  large-core  fiber  media  system  will 
actually  approach  the  cost  of  copper  media  systems,  but 
with  all  the  advantages  of  optical  data  transmission. 
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